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The separation of chemical mixtures into pure and purer 
constituents is essential to humankind.  However, the most 
common techniques for chemical separations are energy 
intensive and improvements in their efficiency are only 
incremental.  To meet the rising demands of an ever-
increasing global population, new techniques that separate 
chemicals on the basis of phenomena fundamentally different 
than that of the existing methods must be developed.  To 
that end, we set out nearly five years ago with the goal to 
continuously separate charged objects within ion depletion 
zones formed by electrochemical processes in microfluidic 
channels.  Ion depletion zones yield co-located electric 
field gradients that interact with charged objects in 
solution in a manner related to the electrophoretic 
mobilities of the objects.  Importantly, by judiciously 
 ix 
tuning the forces of electromigration and convection in 
microchannels, the motion of charged objects can be 
controlled in useful ways. 
Herein, we report three studies that describe our 
scientific progress thus far toward the stated goal.  The 
first study outlines the processes fundamental to 
controlling the flow of charged objects with a local 
electric field gradient.  The key finding from this study is 
that an electric field gradient in the vicinity of a channel 
bifurcation directs the flow of nearly 100% of charged 
microplastic particles into a specific outlet channel.  The 
second study introduces a more sophisticated 
microelectrochemical device than that used in the first 
study.  In this case, two electric field gradients formed 
within a trifurcated microchannel continuously sort and 
separate two microplastics having different electrophoretic 
mobilities.  The third study investigates electrochemically 
oxidizing Cl- to neutral Cl2 to form ion depletion zones in 
Cl--containing solutions like seawater.  Success in this 
endeavor would make it possible to leverage the discoveries 
from the first two studies in which the ion depletion zones 
formed in Tris buffer solutions to chemical separations in 
an environmentally relevant solution.  The main finding from 
the third study, however, is that electrochemically 
generated Cl2 rapidly reacts in water to form an ion 
 x 
enrichment zone, rather than an ion depletion zone, in 
solution.  Notwithstanding, these findings represent 
significant advancements in our understanding of the 
processes fundamental to continuously separating charged 
objects within ion depletion zones and electric field 
gradients formed by electrochemical processes. 
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Chapter One: Introduction 
1.1 MOTIVATION AND OBJECTIVES 
Modern humanity depends on many important chemical 
separations performed daily on an industrial scale.1  The 
majority of separation strategies utilize thermal 
distillation techniques invented more than 1000 years ago 
and separate chemical species by boiling point.2,3  Because 
of the historical dependence on distillation techniques, 
which are energy intensive, chemical separations account for 
10-15% of energy consumption worldwide.2  Alternative 
membrane-based separation strategies mitigate the energy 
demand of distillation, yet prove challenging to scale up 
and possess intrinsic limitations.  For example, membranes 
usually separate species based on size and charge exclusion 
mechanisms.4–6  Notably, improvements in the selectivity of 
membranes almost always lead to lower permeability, and vice 
versa.7–12  While ongoing research in the field of membrane-
based separations seeks to break through the scaling 
relationship between membrane selectivity and permeability, 
as well as improve membrane lifetime and stability, 
advancements in these areas are incremental.  For these 
reasons, it is essential to develop alternative approaches 
to chemical separations. 
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 One of the most promising alternative strategies for 
chemical separations utilizes electric field gradients 
(EFGs) to control the motion of charged objects in 
solution.13–17  Charged objects experience enhanced 
electromigration within EFGs.  Accordingly, the motion of 
charged objects can be controlled in beneficial ways by 
judiciously tuning the forces of electromigration and 
convection acting on the objects. 
 Some of the earliest reports describing EFG-based 
separations relied on selective transport phenomena at 
nanopores or at permselective membranes to form EFGs in 
micron-scale channels.18–22  These experimental 
configurations could be thoroughly described by numerical 
simulations, which resulted in rapid advancement in 
understanding the behavior of separations along EFGs.23–26  
However, nanopores and membranes are difficult to integrate 
into microfluidic systems,27,28 are prone to failure by 
fouling and clogging,29–32 and exhibit non-ideal 
permselectivity.7,33 
In 2008, our group developed a membrane-free 
electrochemical approach to form EFGs in microfluidic 
systems containing buffered solutions.34,35  This was a 
significant finding and enabled potential control over the 
formation of EFGs at mechanically robust electrodes, which 
we fabricated using standard photolithography procedures.  
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Subsequent work defined the principles fundamental to 
forming EFGs by electrochemical reaction in buffered 
solutions and applied this understanding to enrich or 
deplete charged objects within straight microchannels.36–40  
Ultimately, the pinnacle of this incipient research was the 
500,000-fold enrichment of a fluorescent tracer in 150 
min.38  However, the long-term goal of this work is to 
continuously control the flow of charged objects using EFGs 
formed by electrochemical processes in solutions of more 
environmental relevance than inorganic buffer solutions. 
Therefore, the objectives of the research discussed in 
this dissertation are twofold.  The first objective is to 
develop a thorough understanding of how EFGs formed by 
electrochemical processes can be utilized to continuously 
manipulate the flow of charged objects in forked 
microchannels.  The second objective is to investigate an 
additional electrochemical approach to form EFGs in 
environmentally relevant solutions (e.g., natural waters).  
A combination of experimental and computational methods were 
carried out to address these objectives.  The results of 
efforts focused on the first objective are presented in 
Chapters 3 and 4, while the results of efforts focused on 
the second objective are presented in Chapter 5. 
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1.2 BACKGROUND 
1.2.1 Ion depletion zones and electric field gradients 
One of the most interesting strategies to control the motion 
of charged objects in microchannels relies on the presence 
of ion depletion zones (IDZs) and their corresponding 
EFGs.16,20  An IDZ refers to a region of solution that 
contains fewer ionic species—and therefore has higher 
electrical resistivity—than the bulk.  When a voltage is 
applied across a channel containing an IDZ, a 
disproportionate amount of the voltage drops within the IDZ 
resulting in an EFG in solution.  Importantly, charged 
objects experience enhanced electromigration within the EFG.  
By tuning the magnitude and location of the EFG, the motion 
of charged objects can be controlled in useful ways. 
Perhaps the simplest example of controlling the motion 
of charged objects along EFGs is EFG focusing.13,14,16  In 
this method, the motion of a charged object is controlled by 
the interplay of two forces: electromigration and 
convection.  To understand the mechanism of EFG focusing, 
consider the motion of the negatively charged object located 
at position A in Illustration 1.1.  At this position, the 
electric field is weak, convection dominates 
electromigration, and the object moves from right to left.  
As the object moves to the left, however, it encounters the 




when the object reaches position B, the forces of 
electromigration and convection acting on the object are 
exactly balanced, and its net velocity is zero.  
Nevertheless, if the object were to diffuse to position C, 
electromigration would operate in a restorative manner to 
return the object to position B.  The net effect is that the 
charged object is focused at position B. 
Since the development of EFG focusing in 1996, the 
notion that the transport of charged objects in 
microchannels can be controlled by carefully modulating the 
forces of electromigration and convection has been 
successfully applied to a variety of analytical separations.  
For example, EFGs have been shown to simultaneously separate 
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and enrich different oxidation states of the protein 
myoglobin,13 enrich the local concentration of green 
fluorescent protein by more than a millionfold,20 and 
continuously separate red blood cells from dilute whole 
blood.41  The important point, however, is that IDZs and 
their corresponding EFGs separate chemical species on the 
basis of electrophoretic mobility.  This is fundamentally 
different than separations by thermal distillation and 
membrane-based techniques.  Accordingly, an improved 
understanding of EFG-based separations may pave the way for 
the development of more energy-efficient strategies for 
chemical separations. 
1.2.2 Ion concentration polarization 
Some of the earliest reports of EFGs controlling the motion 
of charged species in solution relied on IDZs formed by ion 
concentration polarization (ICP).17–20,25,42  ICP usually 
refers to the redistribution of ions near nanopores or 
permselective membranes due to selective transport 
phenomena.  Illustration 1.2 is a schematic of a common 
system configuration for ICP experiments.  It shows two 
microfluidic channels connected by a membrane having a 
negative surface charge.  If a voltage of the indicated 
polarity is applied across the microfluidic system, the 





to the bottom channel but rejects the passage of anions.  To 
maintain electroneutrality throughout the microfluidic 
system, anions migrate as shown in Illustration 1.2.  
Importantly, selective transport produces an IDZ in solution 
near the intersection of the top channel and the membrane.  
A corresponding region of elevated ionic concentration, 
termed the ion enrichment zone (IEZ), forms in solution near 
the intersection of the bottom channel and the membrane.  
The main point is that the IDZ formed by ICP produces an EFG 
that can control the motion of charged objects in solution. 
The study of IDZs formed by ICP has improved 
understanding of the processes fundamental to EFG-based 
separations.  One reason for this is that membranes are 
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essentially large arrays of individual nanopores.  
Accordingly, ICP at one or a few microchannel-nanopore 
interfaces provides a simple experimental system to begin to 
understand how selective transport and the presence of an 
IDZ impact the motion of charged species in 
solution.19,20,43,44  Furthermore, ICP in these simple 
experimental domains can be accurately described by 
numerical models, which, in turn, inform future research 
directions.45,46  In this way, experimental and computational 
methods have been used to thoroughly characterize the 
propagation of IDZs,23,24,47 predict the location of focusing 
and stacking for charged analytes,44,48,49 and describe the 
formation of recirculating backflows during ICP.50,51 
ICP also catalyzed the application of EFGs to many 
important chemical separations.  For instance, ICP has been 
shown to separate, enrich, and purify nucleic acids from 
human serum,52 control the motion of biomolecules in paper-
based analytical devices,53 and desalinate seawater.54–58  
More recently, numerical simulations demonstrated that an 
ICP-based device can continuously extract Li+ from high 
Mg2+/Li+ ratio brine solutions.59  These findings are 
important and demonstrate that EFG-based strategies are 
broadly relevant to the separation of charged analytes. 
Ultimately, however, ICP relies on selective transport 
at nanopores and membranes to form IDZs and their 
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corresponding EFGs in solution.  In other words, ICP is a 
membrane-based separation technique and thus suffers from 
the limitations intrinsic to membranes.  For example, the 
selectivity of the membranes commonly used for ICP is non-
ideal and decreases as the ionic strength of solution 
increases.60–63  This limits the separation performance of 
ICP in electrolytes having concentrations >~100 mM.33  
Moreover, nanopores and membranes are difficult to integrate 
into microfluidic systems and are prone to failure by 
fouling and clogging.29,31,64,65  For these reasons, our group 
was motivated to develop a membrane-free method to form IDZs 
and their corresponding EFGs in microfluidic systems. 
1.2.3 Faradaic ion concentration polarization 
In 2008, our group reported a membrane-free electrochemical 
variant to ICP.34,35  This approach relied on faradaic 
processes proceeding at bipolar electrodes (BPEs) to form 
IDZs in microchannels and is referred to as faradaic ion 
concentration polarization (fICP).  Illustration 1.3a is a 
schematic of the microfluidic system utilized for fICP 
experiments.  It shows a BPE patterned along the floor of a 
microfluidic channel.  A BPE is usually an electronically 
isolated piece of metal in contact with an electrolyte 
solution.66–69  When a sufficiently large driving voltage  
 10 
 
Illustration 1.3  
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(Etot) is applied across a microchannel containing a 
conductive piece of metal, the metal develops anodic and 
cathodic poles where faradaic reactions proceed.  The 
driving force for these reactions is the potential 
difference between the solution and the two ends of the BPE 
(∆Eelec).  ∆Eelec is generally related to Etot, the length of 
the microchannel (lchannel), and the length of the BPE 
(lelec), as described by eq 1.1. 
    ∆Eelec= 
Etot
lchannel
lelec        (1.1) 
For the case of fICP depicted in Illustration 1.3a, 
water electrolysis proceeds at the poles of the BPE when 
Etot is sufficiently large.  Water reduction at the cathodic 
pole produces OH- (eq 1.2).  If the microchannel contains 
Tris buffer solution, OH- (red circle) neutralizes the 
cationic buffer species (TrisH+, blue circle) forming an IDZ 
in the vicinity of the cathodic pole of the BPE (eq 1.3).  
To conserve charge, water oxidation proceeds at the anodic 
pole (eq 1.4).  In this way, fICP forms an IDZ and an IEZ in 
solution near the cathodic and anodic poles of the BPE, 
respectively, and is analogous to ICP.38 
Cathode:   2 H2O + 2 e- ↔ 2 OH- + H2   (1.2) 
          TrisH+ + OH- ↔ Tris + H2O  (1.3) 
  Anode:    2 H2O ↔ 4 H+ + O2 + 4 e-   (1.4) 
Compared to ICP, there are a few advantages to fICP.  
First, fICP proceeds at mechanically robust BPEs fabricated 
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by standard photolithography procedures.  Second, IDZs and 
IEZs form under potential control.  This means that by 
simply varying the magnitude of ∆Eelec (most commonly by 
changing Etot or lelec), the IDZ and its associated EFG can 
be tuned for the specific chemical separation of interest or 
even prevented altogether.36,39  Third, BPEs are wireless 
electrodes (i.e., no direct electrical contact).  This is 
significant for two reasons: (1) BPEs can be easily 
integrated into the small features of microfluidic systems 
and (2) a single power supply can be used to control the 
potential difference across one BPE or 1000 BPEs.66  For 
these reasons, we think that fICP at BPEs is a viable 
approach to scale up microfluidic-based separations to the 
macroscale. 
Our group first utilized fICP to enrich a fluorescent 
tracer at a static location within a straight microfluidic 
channel.34  Subsequent computational and experimental 
studies thoroughly characterized fICP phenomena in a 
straight channel and demonstrated that up to three 
fluorescent tracers could be simultaneously separated and 
enriched at distinct locations along the channel length.35,37  
Finally, our group reported that fICP in a forked 
microchannel gated the delivery of two fluorescent tracers 
resulting in a batch-type separation.70 
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However, the long-term goal of this research is to 
continuously direct the flow of charged objects using EFGs 
formed in solutions of more environmental relevance than 
Tris buffer solutions.  To this end, our group developed a 
new approach to fICP that relied on electrochemically 
oxidizing Cl- to neutral Cl2 (eq 1.5) to form an IDZ in Cl--
containing solutions like seawater.71  This approach is 
shown in Illustration 1.3b. 
        2 Cl- ↔ Cl2 + 2 e-    (1.5) 
Preliminary experimental and computational results led 
to the conclusion that electrochemical Cl- oxidation forms 
an IDZ in solution and the associated EFG partially 
desalinates seawater.72,73  Since then, however, we have been 
unable to repeat these promising results.  Therefore, the 
aims of the research described in this dissertation are: (1) 
to develop a thorough understanding of how EFGs formed by 
fICP can be utilized to continuously manipulate the flow of 
charged objects in forked microchannels and (2) to 
investigate the formation of IDZs and EFGs by 
electrochemical Cl- oxidation in a microchannel.  To this 
end, we employed a combination of experimental and 
computational methods. 
Many of the experiments reported in this dissertation 
were performed using solutions containing small, charged 
plastic particles.  These particles are optically visible 
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and served as proxies for ions and charged molecules present 
in solution.  However, we quickly realized that controlling 
the motion of plastic particles in solution was a 
significant finding in itself. 
1.2.4 Microplastics 
The discovery and development of synthetic plastics at the 
start of the 20th century and the subsequent wide-spread 
adoption of these inexpensive, moldable, versatile, and 
chemically and mechanically robust materials represent 
important technological and societal advancements.74–76  
However, the long-term stability, large production volumes, 
and designed disposability of many plastic products pose 
significant challenges to the responsible management of 
plastic waste.77–79  This is increasingly apparent with the 
growing quantity of plastic litter and debris present in 
both urban and rural settings and in the natural 
environment.80–84  Macroscale plastic waste is visible to the 
eye, aesthetically displeasing, and detrimental to animal 
life.85–87  For these reasons, large plastic waste prompted 
the revitalization of recycling practices in the 1970s.88  
Small plastics, on the other hand, are more difficult to 
perceive and thereby went largely unnoticed until more 
recently.89  Nonetheless, a growing number of scientific 
studies conclude that small plastic particles, commonly 
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referred to as microplastics, are ubiquitous in the 
environment, including in natural waters and, consequently, 
drinking water.  In light of these findings, current 
research seeks to understand the fate and transport of 
microplastics throughout the environment and quantify the 
exposure and hazard of microplastics to humans and 
animals.90,91 
Microplastics generally refer to particles composed of 
synthetic plastics having a length less than 5 mm.  While 
plastic particles smaller than 0.1 or 1.0 µm are sometimes 
classified as nanoplastics, we will refer to all particles 
having a length of up to 5 mm as microplastics in this 
dissertation.  Microplastics may be further categorized into 
two types: primary and secondary.  Primary microplastics are 
intentionally manufactured to fall within the microplastic 
size range (e.g., microbeads in beauty products or plastic 
powders), while secondary microplastics form by the 
degradation and fragmentation of large plastic objects 
during normal wear and tear or by weathering processes 
following disposal.  While primary and secondary 
microplastics are similar to macroscale plastics in 
composition and non-size-related physicochemical properties, 
there are unique hazards associated with the size of 
microplastics. 
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Microplastics have been detected in the food we eat, 
the water we drink, and the air we breathe.92  Based on 
their small size and pervasiveness, microplastics may be 
easily ingested or inhaled.93–96  Upon entering the body, 
there are two principal hazards associated with 
microplastics.  The first type of hazard is physical in 
nature.  Specifically, small plastic particulates can abrade 
the surfaces of the respiratory and gastrointestinal systems 
and lead to inflammation, irritation, lesions, or even 
cancers.97–99  In addition, animal studies have shown that 
small microplastics may absorb into the surrounding tissue 
or enter the circulatory system.100,101  The accumulation of 
microplastics within tissue and the transport of 
microplastics throughout the body can further disrupt 
physiological functions.102,103 
The second type of hazard associated with microplastics 
is chemical or biological in nature.  Microplastics can 
transport myriad harmful substances and microorganisms.104–
107  For example, plastics often contain additives, dyes, 
and other toxic chemicals associated with polymerization 
processes.108,109  Furthermore, the hydrophobic nature of 
microplastics can lead to the sorption of hydrophobic 
substances to the plastics, such as persistent organic 
pollutants (e.g., polychlorinated biphenyls, polycyclic 
aromatic hydrocarbons, organochlorine pesticides, etc.).110–
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112  Finally, the colonization of microplastics by 
microorganisms in natural waters leads to the formation of 
biofilms on microplastic surfaces.113,114  While the majority 
of microorganisms comprising biofilms are benign, some are 
pathogenic and lead to infectious disease.115  Accordingly, 
microplastics act as vehicles for toxic chemical substances 
and pathogenic bacteria to enter the body.  Once inside, 
leaching processes unload the harmful cargo from the 
microplastics and enable their spread throughout the 
respiratory, gastrointestinal, and circulatory systems.116 
While there are significant hazards associated with 
microplastics, the health risk of consuming microplastics is 
also inextricably linked to the level of exposure.  
Therefore, the goal of many recent and ongoing studies is to 
quantify the concentration of microplastics present in the 
environment.  Despite a growing literature regarding 
microplastic concentrations in air, soil, marine 
environments, freshwater, and drinking water, a lack of 
standardized methods for sampling and analysis limits the 
reliability of the reported data.117  For example, a recent 
critical review commissioned by the World Health 
Organization assessed the quality of 50 studies that 
investigated the concentration of microplastics in 
freshwater and drinking water.118  The main finding from the 
review is that the data from only four of the 50 studies 
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were considered to be sufficiently reliable following 
assessment with an 18-point rubric.  The critical review 
concludes that the development of standardized methodologies 
and quality control improvements with respect to sample 
treatment, polymer identification, processing conditions, 
and control studies are necessary to quantify the 
concentration of microplastics in the environment. 
One other challenge to quantifying microplastic 
exposure levels is related to sampling.90,91,118  Most 
researchers rely on sieving or filtering processes to 
separate microplastics from water or high-density salt 
solutions.119–122  Accordingly, the size class of 
microplastics collected depends on the pore size of the mesh 
or net passed through the solution.  While these approaches 
are relatively straightforward and successfully capture many 
large microplastics, most of the meshes used are ineffective 
at capturing small microplastics (<10 µm).  This is a 
significant problem because, while large microplastics may 
account for the majority of the volume of microplastics in 
an environmental medium, small microplastics are likely to 
account for the majority of the number of microplastics.90,91  
In addition to leading to the report of erroneous 
microplastic concentrations, the selective sampling of large 
microplastics limits understanding of the unique properties 
and toxicity of small microplastics.123–125  For these 
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reasons, the development of new approaches to separate small 
microplastics from solution is critical to the accurate 
quantification of microplastic exposure levels.126 
Charged-based processes for separating microplastics 
from solutions are promising alternatives to size-based 
sieving and filtering processes.127  While predicting the 
surface charge of microplastics in water is complex and 
depends on factors such as the initial surface chemistry of 
the plastic and the chemistry of the water, a few general 
(but informative) trends are apparent from the literature.  
These trends are dictated by the fact that nearly every 
microplastic particle present in natural waters interacts 
with natural organic matter and also develops a surface-
associated biofilm.113,128,129  For positively charged 
microplastics, these processes tend to neutralize the 
positive surface charge or lead to charge inversion.130,131  
For neutral microplastics, these processes can induce a 
negative surface charge and decrease the likelihood that the 
microplastics aggregate and settle out of solution.  For 
negatively charged microplastics, these processes tend to 
stabilize the initial negative surface charge.132  In 
summary, natural organic matter interactions and biofilm 
formation result in the majority of suspended microplastic 
pollution having a negative surface charge in natural 
waters.133  Importantly, the motion of charged microplastics 
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can be controlled by the presence of an EFG in 
solution.16,17,20,41,134 
In this dissertation, we demonstrate that IDZs and EFGs 
formed by fICP in microelectrochemical devices control the 
motion of charged microplastics.  While the following 
studies employed commercially available microplastics 
present in solutions prepared from reagent-grade salts, we 
believe that fICP is also relevant to the separation of 
microplastic pollution from natural waters and provides at 
least two benefits relative to current sieving and filtering 
methods.  First, it separates microplastics on the basis of 
surface charge rather than size.  Accordingly, microplastics 
of various size classes—from less than a nanometer to more 
than a micron in diameter—can be effectively separated from 
solution using a single strategy.  Second, the 
electrochemical process proceeds within a 
microelectrochemical device designed for conjunctive use 
with optical and fluorescence microscopy techniques.  This 
enables the simultaneous separation and quantification of 
microplastics present in a sample.  
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Chapter Two: Experimental 
2.1 CHEMICALS 
Polystyrene microbeads surface functionalized with carboxyl 
groups (diameter = 0.99 µm, 1.04 µm, and 0.20 µm) were 
obtained from Bangs Laboratories, Inc. (FC04N, PC04N, and 
PC02N; Fishers, IN).  BODIPY disulfonate fluorophore 
(BODIPY2-) was obtained from Molecular Probes (Eugene, OR).  
Pluronic F108 was purchased from BASF (Florham Park, NJ).  
Tris(hydroxymethyl)aminomethane buffer solutions (Tris-HCl, 
pH 8.1; Tris-H2SO4, pH 8.0) were prepared by dissolving 
reagent-grade Trizma base (Sigma-Aldrich, St. Louis, MO) in 
deionized water (DI water, 18.0 MΩ·cm, Milli-Q Gradient 
System, MilliporeSigma, Burlington, MA) and then adjusting 
solution pH by dropwise addition of HCl or H2SO4 (Fisher 
Scientific, Hampton, NH).  NaCl and Na2SO4 solutions were 
prepared by dissolving the corresponding reagent-grade salt 
(Fisher Scientific) in DI water. 
Microfluidic channels were fabricated with 
poly(dimethylsiloxane) (PDMS) prepared from a silicone 
elastomer kit (Sylgard 184, Dow, Midland, MI).  SU-8 2025 
photoresist, AZ 1518 photoresist, and AZ 400K developer were 
purchased from MicroChemicals GmbH (Germany).  Adhesion 
promoter (Micro Prime HP Primer) was purchased from Shin-
Etsu MicroSi (Phoenix, AZ).  Ti and Pt deposition metals 
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were purchased from Kurt J. Lesker Company (Jefferson Hills, 
PA).  Si wafers were obtained from UniversityWafer, Inc. 
(Boston, MA) and glass slides were obtained from Fisher 
Scientific. 
2.2 MICROCHANNEL FABRICATION 
Microfluidic channels fabricated in PDMS were prepared using 
standard soft lithography procedures.  Briefly, a Si wafer 
(~1 in length, ~1 in width) was submerged in piranha 
solution (3:1 mixture of H2SO4 and 30% H2O2) for 15 min.  
Following piranha treatment, the wafer was thoroughly rinsed 
with DI water, dried under high-purity N2, and then 
dehydrated on a hotplate at 180 °C for 5 min.  Next, a spin 
coater (WS-650Mz-23NPPB, Laurell Technologies Corporation, 
North Wales, PA) programmed with a three-step procedure (500 
rpm, 5 s; 4500 rpm, 60 s; 500 rpm, 10 s) was used to coat 
the top surface of the wafer with a ~20 µm thick layer of 
SU-8 2025 photoresist.  Following spin coating, the wafer 
was heated on a hotplate for 2 min at 65 °C and then an 
additional 5 min at 95 °C. 
Next, a mask aligner (MA6, Suss MicroTec, Germany) was 
used to orient a negative photomask (designed using 
CorelDRAW 12 software (Corel Corporation, Canada) and 
fabricated by CAD/Art Service, Inc. (Bandon, OR)) atop the 
wafer and expose the photoresist to UV light.  After 
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exposure, the wafer was heated on a hotplate for 1 min at 65 
°C and then an additional 5 min at 95 °C.  Next, the 
photoresist was developed by submerging the wafer in 
propylene glycol methyl ether acetate solution for 1-2 min.  
After development, the wafer was rinsed with isopropyl 
alcohol, rinsed with DI water, and dried under high-purity 
N2.  The wafer was then placed in a petri dish and PDMS (10-
parts base elastomer, 1-part curing agent) was poured over 
the wafer.  The PDMS was cured in an oven at 65 °C for at 
least 12 h and then carefully separated from the Si wafer. 
2.3 ELECTROCHEMICAL CIRCUITRY FABRICATION 
Electrochemical circuitry was fabricated using standard 
lift-off photo-patterning procedures.  Briefly, a glass 
slide (3 in length, 1 in width) was submerged in piranha 
solution (3:1 mixture of H2SO4 and 30% H2O2) for 15 min.  
Following piranha treatment, the slide was thoroughly rinsed 
with DI water, dried under high-purity N2, and then 
dehydrated on a hotplate at 180 °C for 5 min.  Next, a spin 
coater (WS-650Mz-23NPPB) programmed with a three-step 
procedure (500 rpm, 5 s; 3500 rpm, 45 s; 500 rpm, 10 s) was 
used to coat the top side of the glass slide with a layer of 
Micro Prime HP Primer.  The slide was then heated on a hot 
plate at 150 °C for 1 min.  Next, the spin coater programmed 
with the same three-step procedure was used to coat the 
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primer layer with AZ 1518 photoresist.  Following spin 
coating, the glass slide was heated on a hot plate at 100 °C 
for 45 s. 
 Next, a mask aligner (MA6) was used to orient a 
negative photomask (designed using CorelDRAW 12 software and 
fabricated by CAD/Art Service, Inc.) atop the glass slide 
and expose the photoresist to UV light.  After exposure, the 
slide was heated on a hotplate for 1 min at 100 °C and then 
an additional 1 min at 120 °C.  Next, the photoresist was 
developed by submerging the glass slide in AZ 400K developer 
solution for 45 s.  After development, the slide was rinsed 
with DI water and dried under high-purity N2. 
 The glass slide patterned with photoresist was then 
placed in an electron beam physical vapor deposition system 
designed by Cooke Vacuum Products (Norwalk, CT) and the 
vacuum chamber was pumped down to at least 10-6 torr.  
First, a 10 nm adhesion layer of Ti was deposited on the 
glass.  Then, a 100 nm layer of Pt was deposited atop the Ti 
adhesion layer.  Following deposition, liftoff was performed 
by sonicating the slide in acetone and then wiping the 
surface clean with a Kim Wipe (Fisher Scientific). 
2.4 MICROELECTROCHEMICAL DEVICE FABRICATION 
Hybrid glass/PDMS microelectrochemical devices were 
fabricated using a previously reported procedure.135  First, 
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3 mm reservoirs were punched at the ends of a PDMS 
microfluidic channel.  Second, the microchannel and a Pt 
microwire-patterned glass slide were rinsed with ethanol and 
dried under high-purity N2.  Third, the glass and PDMS were 
exposed to an O2 plasma for 45 s (medium power, 60 W, PDC-
32G, Harrick Scientific Products Inc., Ossining, NY) and 
then joined together.  Fourth, the assembled device was 
heated in an oven at 65 °C for 5 min to ensure irreversible 
bonding.  Fifth, Cu wires were attached to the patterned Pt 
circuity using Ag conductive paint (Electron Microscopy 
Sciences, Hatfield, PA) and Devcon five-minute epoxy (Fisher 
Scientific). 
2.5 OPTICAL AND FLUORESCENCE MICROSCOPY 
The motion of polystyrene microbeads and BODIPY2- 
fluorophore during experiments was visualized using an 
inverted fluorescence microscope (Eclipse TE 2000-U, Nikon, 
Japan) equipped with a CCD camera (Cascade 512, 
Photometrics, Tucson, AZ) controlled by V++ software 
(DigitalOptics Corporation, San Jose, CA).  Image analysis 
was performed in ImageJ (National Institutes of Health, 
Bethesda, MD).  Fluorescence measurements were performed 
with the fluorescence lamp (X-Cite 120Q, Excelitas 
Technologies Corp., Waltham, MA) on, while optical studies 
were performed with the lamp off. 
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2.6 FLOW RATE MEASUREMENTS 
The rate of pressure-driven flow (PDF) was determined by 
optically tracking the motion of polystyrene microbeads 
along the channel length in the absence of an applied 
voltage using an inverted microscope (Eclipse 2000-U). 
2.7 SOLUTION CONDUCTIVITY MEASUREMENTS 
Solution conductivity measurements were obtained using a 
previously reported, home-built conductivity 
instrument.136,137  Measurements were performed as follows.  
A function generator (Model 182A, Wavetek, San Diego, CA) 
was used to apply an ac sine wave to one Pt microband.  The 
resulting current passed through solution to a detection 
microband patterned 30 µm (center-to-center) downstream, 
where it was amplified and converted back to a voltage by a 
transimpedance amplifier.  The attenuation of the current 
passing through solution to the detection microband was 
related to solution conductivity using a calibration curve.  
Conductivity measurements were carried out at 20 ± 2 °C. 
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Chapter Three: Continuous Redirection and 
Separation of Microbeads via Faradaic Ion 
Concentration Polarization1 
3.1 SYNOPSIS 
In this chapter, we report that faradaic ion concentration 
polarization can be used to sort and separate micron-scale 
objects within a bifurcated microelectrochemical device.  In 
faradaic ion concentration polarization, a bipolar electrode 
is activated by a driving voltage, which results in 
formation of an ion depletion zone and an ion enrichment 
zone.  By judicious control of the placement of the bipolar 
electrode and control of the driving voltage, the ion 
depletion zone and ion enrichment zone can be manipulated in 
a way that directs charged microbeads into a particular 
channel of the microelectrochemical device.  The key 
findings are threefold.  First, nearly 100% microbead 
redirection and separation may be achieved by faradaic ion 
concentration polarization.  Second, the tracking of 
microbeads as they traverse the channel length permits 
visualization of local variations in electroosmotic flow.  
Third, variations in solution conductivity in different 
regions of the channel lead to differences in electroosmotic 
                                                 
1 The work described here was previously published: 
Davies, C. D.; Yoon, E.; Crooks, R. M. Continuous redirection and 
separation of microbeads via faradaic ion concentration polarization. 
ChemElectroChem 2018, 5, 877-884.  CDD, EY, and RMC planned the 
experiments; CDD performed the experiments; CDD and EY analyzed the 
results; CDD wrote the article; CDD, EY, and RMC edited the article; and 
RMC supervised the research. 
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flow that exert a significant influence over microbead 
trajectory. 
3.2 INTRODUCTION 
Ion concentration polarization (ICP) refers to a local 
redistribution of charge in an ionic solution.  This 
redistribution results in a region of the solution depleted 
in charge (the ion depletion zone, IDZ) and another region 
that is enriched (the ion enrichment zone, IEZ).17,25  
Illustration 3.1a illustrates one common method for creating 
an IDZ and an IEZ.17,18,25,26,134,138  Here, two microchannels 
are connected by a permselective membrane18,134,138,139 or 
nanochannel20,46,49,54,140,141 that transmits only cations.  
When a voltage of the indicated polarity is applied at the 
ends of the two channels, cations in the top channel pass 
through the membrane, and to maintain charge neutrality, 
counter ions move toward the positive driving electrode.  
This local loss of ions near the intersection of the top 
channel and the membrane is the IDZ, and the region at the 
other end of the membrane is the IEZ. 
The loss of ions in the IDZ leads to a local increase 
in solution resistance and a corresponding electric field 
gradient (EFG) of the type shown in Illustration 3.1b.  If, 
in addition to electromigration, ions are subject to a 
convective force, they can be enriched,20,142 depleted,143 or  
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separated37,69 via a mechanism known as EFG focusing.16,35,39  
For example, Illustration 3.1b shows how ions interact with 
opposing electromigration and convection in the vicinity of 
the IDZ.  Consider a negatively charged ion at axial 
position A.  At this location the local electric field is at 
its maximum, electromigration dominates convection, and the 
ion moves from left to right.  When the ion reaches position 
B, the field strength is lower than at A, and therefore at 
this unique location the forces of electromigration and 
convection exactly balance, and there is no net external 
force acting on the ion.  If the ion should move to position 
C (where the field strength is low) through normal 
diffusion, however, then convection dominates and the ion is 
returned to position B.  Likewise, if the ion diffuses to 
the left of position B, it experiences a restoring force to 
the right and returns to its original location at position 
B.  The net impact of the IDZ, therefore, is that all ions 
in the channel are eventually concentrated at position B.  
Accordingly, ICP provides a means for concentrating 
proteins, enzymes, ions, and charged particles.20,34,54,134 
While ICP most commonly relies on selective transport 
of cations or anions through a nanochannel or permselective 
membrane to develop the IDZ, there are some problems with 
this approach.  First, membranes and nanochannels are 
difficult to fabricate in formats that are compatible with 
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microfluidic devices.  Second, membranes and nanochannels 
are prone to clog, and, third, their selectivity is normally 
limited to either all cations or all anions.  These factors 
led us to introduce a method we call faradaic ICP 
(fICP).17,34–39,70,71,73,142–144 
The technique of fICP is an electrochemical variant of 
ICP that relies on faradaic processes to produce the IDZ.38  
Illustration 3.2a shows a common experimental arrangement 
for implementing fICP.  Here, application of a voltage 
between the driving electrodes located in reservoirs at the 
end of the channel (Etot) results in a uniform electric 
field along the channel length.  However, if a bipolar 
electrode (BPE) is present within the channel,66,69,145 then a 
potential difference of magnitude ∆Eelec will exist between 
the solution and the two poles of this electrode 
(Illustration 3.2b).  The magnitude of ∆Eelec depends 
primarily on the length of the BPE and the magnitude of 
Etot.146 
In a typical fICP experiment, ∆Eelec is adjusted to a 
value at which a neutral species like water is reduced to 
yield OH- (red circle in Illustration 3.2c) at the BPE 
cathode.  If a buffer cation, such as TrisH+ (blue circle), 
is present in solution, it will be neutralized by OH-.  The 
net effect is that two charged species (here, OH- and 
TrisH+) are neutralized (eqs 3.1 and 3.2; the corresponding  
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anode reaction is given in eq 3.3), thereby lowering the 
number of charge carriers in the vicinity of the BPE 
cathode.  This constitutes an IDZ and results in formation 
of a local EFG like that shown in Illustration 3.1b.  If a 
convective force, like electroosmosis or pressure-driven 
flow (PDF) is also present in the microchannel, then all of 
the conditions required for EFG focusing are met.16  Note 
that in fICP there is no membrane, which simplifies 
fabrication of the microsystem and avoids clogging, and the 
magnitude of the IDZ can be continuously varied by exerting 
control over Etot.  We have previously used fICP to 
concentrate analytes by 500,000 fold,38 simultaneously 
enrich multiple charged analytes in different locations of 
the microchannel,37 and partially desalinate seawater.71,73 
 Cathode:  2 H2O + 2 e- ↔ 2 OH- + H2  (3.1) 
   TrisH+ + OH- ↔ Tris + H2O  (3.2) 
Anode: 2 H2O ↔ 4 H+ + O2 + 4 e-   (3.3) 
In the present study, we utilized buffer neutralization 
at a BPE to facilitate redirection of the fluorophore 
BODIPY2- and charged polystyrene microbeads.  The results 
indicate that nearly 100% of microbeads flowing down the 
main channel can be redirected into a secondary channel, as 
shown in Illustration 3.2d.  Additionally, we report that 
local differences in ion concentration, arising from 
formation of the IDZ and IEZ, result in local variations in 
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electroosmotic flow (EOF) along the channel length.  The use 
of microbeads as tracers reveals that both the EFG across 
the ion depletion zone and local variations in EOF exert 
significant perturbations to continuous microbead 
redirection by fICP.  These findings are essential for 
understanding phenomena fundamental to fICP and for enabling 
applications to separation science. 
3.3 EXPERIMENTAL SECTION 
3.3.1 Chemicals 
Fluorescent (Dragon green; Ex. 480 nm, Em. 520 nm) (fµB) and 
non-fluorescent (µB) polystyrene microbeads (diameter = 1.04 
µm and 0.99 µm, respectively) surface functionalized with 
carboxyl groups (FC04F and PC04N; Zeta potential = -27.1 ± 
0.6 mV)147 were obtained from Bangs Laboratories (Fishers, 
IN).  Fluorescent BODIPY disulfonate (BODIPY2-) was obtained 
from Molecular Probes (Eugene, OR).  Buffer solutions 
containing 10.0 mM Tris-HCl (pH 8.1) or 10.0 mM Tris-H2SO4 
(pH 8.0) were prepared using deionized water (DI water, 18.0 
MΩ·cm, Milli-Q Gradient System, Millipore) and the 
corresponding reagent-grade Tris salts (Sigma Aldrich, St. 
Louis, MO).  Unless otherwise indicated, the buffer was 
prepared using Tris-HCl.  Poly(dimethylsiloxane) (PDMS), 
used to fabricate microfluidic channels, was prepared from a 
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silicone elastomer kit (Sylgard 184, K. R. Anderson, Morgan 
Hill, CA). 
3.3.2 Microfluidic device fabrication 
Hybrid glass/PDMS microfluidic devices were fabricated using 
a previously reported procedure.148  Briefly, 3 mm 
reservoirs were punched at each end of a PDMS microfluidic 
channel (5 mm length, 200 µm width, 18 µm height).  Pt 
microbands (10 nm Ti adhesion layer + 100 nm Pt, Kurt J. 
Lesker, Jefferson Hills, PA) were fabricated on glass slides 
using standard lift-off photo-patterning procedures.  The 
glass and PDMS were joined following exposure to an O2 
plasma (60 W, PDC-32G Harrick Plasma, Ithaca, NY) for 45 s, 
and then the device was placed in an oven at 65 °C for 5 min 
to ensure irreversible bonding.  The microfluidic channel 
was positioned so that the Pt microbands spanned 20-25% of 
the main channel width.  For this study, both straight and 
bifurcated channels were utilized.  The width of each of the 
smaller channels in the bifurcated devices was 50% that of 
the main channel. 
3.3.3 Particle redirection experiments 
Prior to making measurements, 2.0 µM BODIPY2-, 3.0 pM µB or 
56 fM fµB contained in 10.0 mM Tris buffer, were flowed 
through the microfluidic channel using PDF enabled by a 
difference in solution height in the two reservoirs 
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(Illustration 3.2a).  The rate of PDF was calculated for 
each solution height difference in the absence of an applied 
voltage by measuring the velocity of particles as they 
traveled downstream.142,144  Particle redirection experiments 
were performed as follows.  First, two patterned microbands 
were connected external to the channel using a jumper wire 
to form a BPE of the desired length.  Second, a driving 
voltage was applied across the channel using a power supply 
(Tektronix PWS 4721, Beaverton, OR) connected to Pt driving 
electrodes present on the floor of each reservoir.  Third, 
particle motion was recorded by microscopy. 
3.3.4 Optical and fluorescence microscopy 
Particle redirection and separation were visualized using an 
inverted fluorescence microscope (Eclipse TE 2000-U, Nikon, 
Japan) equipped with a CCD camera (Cascade 512, 
Photometrics, Tucson, AZ).  V++ (DigitalOptics Corporation, 
San Jose, CA) and ImageJ were used for image capture and 
analysis, respectively.  Fluorescence images were obtained 
with the fluorescence lamp on, while optical studies were 
performed with the fluorescence lamp off. 
3.3.5 Conductivity measurements 
A previously reported design of a direct conductivity 
circuit was used to measure solution conductivities along 
the channel length.71,136  In brief, an ac voltage was 
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applied to one patterned Pt microelectrode.  The resulting 
current passed through solution to a second microelectrode 
positioned 15 µm upstream, where it was converted back to a 
voltage.  The attenuation of current passing through the 
solution between the microelectrodes is proportional to the 
solution conductivity via a calibration curve (Appendix A). 
3.4 RESULTS AND DISCUSSION 
3.4.1 Redirection of BODIPY2- in a straight microfluidic 
channel 
The goal of this study is to show that fICP can be used to 
precisely direct the motion of micron-scale objects.  
However, we begin by examining the behavior of a simpler 
tracer, the molecular fluorophore BODIPY2-, to obtain a 
preliminary understanding of the characteristics of the IDZ 
in a straight channel. 
We have previously examined the effect of an IDZ on the 
behavior of BODIPY2- in microfluidic devices in which a BPE 
spans the width of the channel.35,36,39,70,143,144  In that 
case, the IDZ develops across the entire width of the 
channel, and therefore, as discussed in the Introduction, 
the analyte concentrates near the cathodic pole of the BPE.  
The goal here is different in that we wish to control the 
flow of BODIPY2- rather than simply concentrate it in a 
static location.  In the present design, therefore, the BPE 
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inserts only partway into the main channel.  Specifically, 
as shown in Figure 3.1a (and Illustration 3.2a), the BPE 
(outlined by a dashed white line) extends only 40-50 µm into 
the 200 µm-wide channel.  In this case, the IDZ and EFG 
extend across only a portion of the channel width. 
As mentioned earlier, the experiments discussed in this 
section were carried out in a hybrid glass/PDMS 
microelectrochemical device having a single straight 
channel.  Additionally, all solutions were aqueous and were 
at neutral pH, and therefore the surfaces of both the glass 
and PDMS are negatively charged.  Therefore, when Etot is 
applied, EOF is initiated toward the negative driving 
electrode (right to left in Figure 3.1a).148  For solutions 
having a uniform ion distribution, EOF velocity is 
proportional to Etot.149 
Figure 3.1a is a fluorescence micrograph showing how 
the flow of BODIPY2- is affected by the presence of the BPE.  
The micrograph was obtained after applying Etot and waiting 
for the flow to achieve steady state.  Note that it has 
previously been shown that O2 or Cl2 electrogenerated at the 
BPE anode can quench BODIPY2- fluorescence.150  In this case, 
however, the anode is placed downstream and will not affect 
upstream fluorescence.  The important point is that the dark 




Redirection of BODIPY2- in a straight microfluidic channel.  
(a) A representative fluorescence micrograph obtained using 
a configuration like that shown in Illustration 3.2a, except 
in this case there was no PDF.  The solution contained 2.0 
µM BODIPY2- as a tracer, 3.0 pM µB, and 10.0 mM Tris buffer 
(pH = 8.1).  Etot = 40.0 V.  The dashed white lines indicate 
the locations of the two poles of the BPE (500 µm long).  
(b) Fluorescence profiles as a function of Etot with PDF = 
0.  (c) Fluorescence profiles as a function of PDF rate with 
Etot = 40.0 V.  The PDF rate was calculated by tracking the 
mobility of µB in the absence of an applied voltage.  Both 
sets of profiles were obtained along the yellow line in (a).  
The top and bottom of the line in (a) represent positions 0 
and 175, respectively, in (b) and (c).  The vertical 
microbands spanning the channel width in (a) were not 
utilized during this study and may be ignored.  
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presence of an electric field like that illustrated in 
Illustration 3.1b. 
Figure 3.1b is a fluorescence intensity profile, 
measured along the yellow line in Figure 3.1a, as a function 
of Etot.  In this case, the solution heights in the two 
reservoirs were equal, so convection arises from EOF only.  
The results show that the fluorescence intensity of BODIPY2- 
increases monotonically as Etot increases.  This occurs 
because ∆Eelec, and therefore the local EFG and 
electromigration velocity, scale with Etot (Illustration 
3.2b).69  Additionally, it is important to note that the 
formation of an IDZ results in an increase in channel 
resistance (Figure A.2, Appendix A), which may result in 
∆Eelec deviating from the value calculated using the 
simplified assumption that it is equal to Etot normalized to 
the channel length. 
The data in Figure 3.1c are similar to those in Figure 
3.1b, but in this case Etot was maintained constant at 40.0 
V, and the rate of convection was varied by introducing PDF.  
To carry out the experiment, larger volumes of buffer 
solution were added to the reservoir at the right end of the 
microchannel (Illustration 3.2a) than the one on the left.  
The resulting height difference leads to PDF toward the 
negative driving electrode (right to left in Figure 3.1a).  
Next, Etot = 40.0 V was applied, leading to EOF (also from 
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right to left) and formation of an IDZ near the cathode and 
an IEZ near the anode.  Finally, fluorescence images were 
collected under steady-state conditions.  The resulting line 
profiles (Figure 3.1c) show that as the solution velocity 
increases (varying PDF plus near-constant EOF), the degree 
of BODIPY2- redirection decreases.  In other words, the 
combined effects of EOF and PDF overwhelm the opposing 
electromigration force, resulting in minimal redirection of 
BODIPY2- as it traverses the IDZ.  The findings from these 
studies of BODIPY2- redirection as a function of Etot and PDF 
provide useful guidelines for setting up experiments aimed 
at manipulating microbeads by fICP. 
3.4.2 Redirection of microbeads in a straight channel 
Thus far our studies of transport in fICP systems have 
focused exclusively on fluorescent molecular 
species.34,35,37,39,70,142,144  There are some limitations to 
this approach, however.  First, as we have reported 
previously,71 fluorescent tracers are subject to bleaching 
by either O2 or electrogenerated products (like Cl2) near 
the poles of the BPE.  Second, unlike microbeads, it is not 
possible to track individual BODIPY2- ions, which limits 
observations to bulk phenomena.  In contrast, microbead 
tracers tracked via optical microscopy enable quantification 
of particle redirection and observation of discrete 
 42 
particles as they traverse the IDZ.  These factors, and an 
interest in developing a better understanding of the factors 
governing fICP, have motivated us to examine the motion of 
individual particles by optical microscopy. 
Figure 3.2a is an illustration showing the device 
configuration used for the microbead experiments.  It shows 
a pair of microband electrodes patterned on the microchannel 
floor and connected by an external jumper wire to form a 580 
µm-long BPE.  A third electrode is also shown and there is a 
fourth electrode to the left of the other three but that is 
outside the region of the channel shown in the illustration 
and micrographs.  These latter two electrodes make it 
possible to change the length and location of the split BPE 
in other experiments that will be described later.  The 
magnitude of ∆Eelec is controlled by Etot applied at the 
channel reservoirs. 
The remaining frames in Figure 3.2 are a series of 
optical micrographs showing manipulation of negatively 
charged, 0.99 µm-diameter polystyrene microbeads (µB) during 
fICP.  These experiments were carried out as follows.  
First, equal heights of a solution containing 3.0 pM µB and 
10.0 mM Tris buffer were added to each reservoir of the 
microelectrochemical device to eliminate PDF and ensure that 




Redirection of µB in a straight microfluidic channel.  (a) 
Schematic illustration of the microfluidic system and BPE 
configuration.  The solution contained 3.0 pM µB as tracers 
and 10.0 mM Tris buffer (pH = 8.1).  The length of the BPE 
was 580 µm and PDF = 0 (convection by EOF only).  Optical 
micrographs showing µB redirection at Etot = (b) 20.0 V, (c) 
25.0 V, and (d) 35.0 V.  The dashed red box outlines the 
region where solution vortexing occurs (vortexing can be 
more easily visualized in Movie A.1, Appendix A).  The 
vortex rotates clockwise, as indicated by the black arrow.  
The blue box highlights microbead redirection at the BPE 
anode.  
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systematically varied and optical microscopy was used to 
track the motion of microbeads near the BPE. 
When Etot = 20.0 V, ∆Eelec = ~2.3 V, which is 
insufficient to drive significant water reduction (eq 3.1), 
the neutralization reaction (eq 3.2) does not occur, no 
local electric field forms and the uniform motion of µB is 
unaffected by the application of Etot (Figure 3.2b).  
However, Figures 3.2c and 3.2d show that when Etot = 25.0 V 
(∆Eelec = ~2.9 V) and 35.0 V (∆Eelec = ~4.1 V), respectively, 
∆Eelec is sufficient to drive eq 3.1, and the resulting IDZ 
affects the motion of µB. 
Optical tracking of individual microbeads as they 
traverse the channel length reveals significant redirection 
by the EFG within the IDZ.  Two specific points are worth 
noting.  First, the electrochemical process at the BPE anode 
(eq 3.3) contributes to the redirection of particles (blue 
box, Figure 3.2d).  This finding is surprising because while 
there is a concentration gradient near the BPE anode due to 
electrogeneration of H+,36 no corresponding EFG has been 
observed.  Second, a single vortex (indicated by the arrow 
in the red box in Figure 3.2d and in Movie A.1, Appendix A) 
is observed in the top portion of the channel between the 
edges of the BPE.  The formation of vortexes within an IDZ 
is a commonly reported phenomenon,26,48,149,151–153 but there 
are two differences between this vortex and those previously 
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reported, both of which are clearly identified in Movie A.1 
(Appendix A).  Specifically, this vortex is stable for the 
duration of the experiment (up to 1 min) and the flow rate 
within the vortex is slower than that of bulk solution flow.  
In contrast, others have shown vortexes to form 
sporadically, fluctuate in location throughout the IDZ, and 
exhibit an increased flow rate compared to that of bulk 
solution.152,154  Vortexing will be discussed in more detail 
later, so suffice it to say here that it probably arises 
from ionic concentration gradients that develop during fICP.  
The key point for now, however, is that fICP phenomena, 
specifically the local electric field in the IDZ and 
variations in EOF, affect the flow of microbeads. 
3.4.3 Continuous redirection and separation of microbeads 
in a bifurcated channel 
Up to this point, we have shown that microbeads can be 
manipulated in a comprehensible way in a straight channel.  
We now turn our attention to continuous separation and 
collection of microbeads in a bifurcated channel.  This type 
of split-channel design (Figure 3.3a) makes it possible to 
separate microbeads from the main channel and direct them 
into a specific secondary channel.  Although demonstrated 
here for microbeads, it seems likely that any kind of 
charged, micron-scale object (e.g., bacteria) could 




Redirection and separation of fµB in a bifurcated 
microfluidic channel.  (a) Schematic illustration of the 
microfluidic system.  (b) A fluorescence micrograph showing 
fµB redirection and separation obtained using the red BPE 
configuration in (a).  (c) Same as (b), but obtained using 
the green BPE configuration in (a).  The solution contained 
56 fM fµB and 10.0 mM Tris buffer (pH = 8.1).  Etot = 35.0 V 
and the BPE length = 580 µm.  
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The device configuration in Figure 3.3a has two pairs 
of independently configurable BPEs.  Both pairs have the 
same overall length, but the green configuration places the 
BPE anode downstream of the channel intersection, thereby 
eliminating any influence on bead motion by anodic processes 
of the type discussed in the context of the blue box in 
Figure 3.2d.  In contrast, the red configuration moves the 
BPE anode into a location where it can affect particle 
motion prior to redirection into the upper channel. 
Figure 3.3b is a fluorescence micrograph showing 
redirection of fluorescent microbeads.  This experiment was 
set up exactly as described for Figure 3.2, except 56 fM 
fluorescent microbeads (fµB) were used as tracers.  These 
microbeads had the same size and charge as those shown in 
Figure 3.2, but their fluorescent properties improve image 
contrast.  The BPE was connected in the red configuration 
(Figure 3.3a), and then Etot = 35.0 V was applied along the 
channel length resulting in EOF from right to left and 
formation of the IDZ and IEZ at the BPE cathode and anode 
edges, respectively.  The micrograph was collected under 
steady-state flow conditions.  Figure 3.3c is a fluorescence 
micrograph collected using the same procedures, but with the 
BPE connected in the green configuration (Figure 3.3a).  
Continuous microbead redirection and separation are clearly 
observed for both the red and green BPE configurations and 
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is further demonstrated in Movie A.2 (Appendix A).  To 
determine if there is an effect on particle motion by the 
buffer anion (Cl-), which can be oxidized to Cl2 and hence 
affect the IEZ, we carried out control experiments using a 
buffer based on Tris-H2SO4.  However, the results of those 
experiments (Movie A.3, Appendix A) were the same as those 
shown in Figure 3.3 suggesting that H+ generation dominates 
the anode process. 
To better understand microbead redirection by the EFG 
and flow anomalies stemming from concentration gradients 
formed during fICP, direct in-situ conductivity measurements 
were performed.  Figure 3.4a is a plot of conductivity 
signal as a function of time within the top microfluidic 
channel.  This measurement was carried out as described for 
Figure 3.3, except a pair of microband electrodes, patterned 
500 µm downstream of the channel split, was used to measure 
conductivity in the top channel.  In this case, the green 
BPE configuration was used (Figure 3.3a) and Etot = 35.0 V 
was applied resulting in EOF toward the negative driving 
electrode.  This resulted in redirection of the microbeads, 
just as in Figure 3.3.  Figure 3.4b shows conductivity 
results obtained by repeating this experiment but measuring 




Direct solution conductivity measurements measured 500 µm 
downstream of the channel bifurcation (Figure 3.3a).  The 
solution contained 3.0 pM µB and 10.0 mM Tris buffer (pH = 
8.1).  Convection was controlled by EOF, Etot = 35.0 V, and 
the length of the BPE was 580 µm.  (a) Conductivity in the 
top channel.  (b) Conductivity in the bottom channel.  
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The conductivity measurements shown in Figure 3.4 
reveal that following the start of fICP (BPE active), a 
significant reduction in solution conductivity is measured 
in the top channel (Figure 3.4a), while an increase in 
solution conductivity is measured in the bottom channel 
(Figure 3.4b).  We believe the decrease in solution 
conductivity in the top channel corresponds to flow 
displacement of the IDZ downstream of the BPE cathode.  It 
has previously been reported that Tris buffer neutralization 
results in a decrease of ~90% in the solution conductivity 
within the IDZ (compared to the bulk value),142,143 which 
matches well with the conductivity decrease shown in Figure 
3.4a.  Neutralized Tris also flows into the bottom channel 
downstream of the IDZ, but there is a net increase in 
conductivity in the bottom channel downstream of the BPE 
anode resulting from water oxidation (electrogeneration of 
H+, eq 3.3) at the BPE anode. 
It is well known that local variations in solution 
conductivity, of the type described in the previous 
paragraph, result in alteration of the zeta potential of 
PDMS and glass channel surfaces.  These, in turn, lead to 
local variations in EOF.25,39,140,155–158  This effect is 
exacerbated in microfluidic systems, such as those used 
here, that have a high surface-area-to-volume ratio and 
convection dominated by EOF.  Indeed, simulations have shown 
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that significant changes in EOF rates throughout the channel 
length occur during ICP, and we think these same types of 
effects are operative during fICP.151,159–161  Because 
convection is limited to EOF, tracking the motion of 
fluorescent microbeads provides a proxy for the rate of EOF. 
Taking into account the data in Figures 3.3 and 3.4, we 
constructed a qualitative map of ion concentration 
(Illustration 3.3a) and the corresponding EOF variations 
(Illustration 3.3b).  Three distinct regions are defined in 
Illustration 3.3.  Region A is characterized by bulk flow 
until a zone of rapid EOF acceleration is encountered just 
upstream of the BPE cathode (Illustration 3.3b, red), as 
evidenced by the elongation or streaking of the microbead 
fluorescence signals (Movie A.2, Appendix A).  This rapid 
acceleration in EOF is a consequence of the concentration 
gradient at the boundary between the bulk Tris buffer and 
the IDZ (Illustration 3.3a). 
Region B lies between the poles of the BPE and is more 
complicated than region A.  In the lower portion of the 
channel, current passing through the BPE results in a 
decrease in EOF (Illustration 3.3b, green), compared to the 
rate of EOF within the IDZ in region A (Illustration 3.3b, 
red).35  This local variation in EOF results in the single 
vortex observed in Figure 3.2d and Movies A.1 and A.2 in 





displacement of the IDZ, and redirection of a significant 
portion of the current through the BPE complicate the local 
EOF between the poles of the BPE.  Accordingly, advanced 
simulation studies, which will begin soon, are required to 
develop a comprehensive understanding of the processes in 
this region. 
Region C is downstream of the BPE anode.  The 
generation of H+ at the BPE anode results in an increase in 
solution conductivity in the bottom channel leading to a 
local decrease in EOF (Illustration 3.3b, blue).  In the top 
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channel, the decrease in solution conductivity during fICP, 
arising from flow displacement of the IDZ, results in a 
local increase in EOF (Illustration 3.3b, orange) compared 
to the bulk rate of EOF.  This means there is a variation in 
the rate of EOF between the top and bottom channels.  We 
propose this EOF gradient results in a pressure gradient 
near the channel bifurcation, which contributes to the 
continuous redirection and separation of microbeads into the 
top channel.155,162 
3.5 SUMMARY AND CONCLUSIONS 
The key findings reported in this chapter are threefold.  
First, nearly 100% microbead redirection and separation may 
be achieved by fICP in a microelectrochemical device having 
a bifurcated channel.  Second, the tracking of microbeads as 
they traverse the channel length permits visualization of 
local variations in EOF.  Third, variations in solution 
conductivity in different regions of the channel lead to 
differences in EOF that exert a significant influence over 
microbead trajectory.  These findings expand our fundamental 
understanding of fICP, thereby enabling its application to 
ion and particle redirection, separation, sorting, 
enrichment, and depletion.  The results of these types of 
experiments, coupled with advanced simulations, will be 
reported in due course.  
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Chapter Four: Focusing, Sorting, and Separating 
Microplastics by Serial Faradaic Ion Concentration 
Polarization 
4.1 SYNOPSIS 
In this chapter, we report continuous sorting of two 
microplastics in a trifurcated microfluidic channel using a 
new method called serial faradaic ion concentration 
polarization.  Faradaic ion concentration polarization is an 
electrochemical method for forming ion depletion zones and 
their corresponding locally elevated electric fields in 
microchannels.  By tuning the interplay between the forces 
of electromigration and convection during a faradaic ion 
concentration polarization experiment, it is possible to 
control the flow of charged objects in microfluidic 
channels.  The key findings of this report are threefold.  
First, faradaic ion concentration polarization at two 
bipolar electrodes, configured in series and operated with a 
single power supply, yields two electric field gradients 
within a single microfluidic channel (i.e., serial faradaic 
ion concentration polarization).  Second, complex flow 
variations that adversely impact separations during faradaic 
ion concentration polarization can be mitigated by 
minimizing convection by electroosmotic flow in favor of 
pressure-driven flow.  Finally, serial faradaic ion 
concentration polarization within a trifurcated microchannel 
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is able to continuously and quantitatively focus, sort, and 
separate microplastics.  These findings demonstrate that 
multiple local electric field gradients can be generated 
within a single microfluidic channel by simply placing metal 
wires at strategic locations.  This approach opens a vast 
range of new possibilities for implementing membrane-free 
separations. 
4.2 INTRODUCTION 
In this chapter, we report focusing, sorting, and separating 
of charged microplastics using electrokinetic phenomena at 
bipolar electrodes (BPEs) operated in a series 
configuration.  The results demonstrate that serial bipolar 
electrochemistry provides an experimentally simple approach 
to form and maintain multiple electric field gradients 
(EFGs) within a single microfluidic channel.  Moreover, by 
tuning the orientation and dimensions of the BPEs, it is 
possible to simultaneously manipulate the flow of charged 
microplastics at multiple positions along the channel 
length.  The results reported here illustrate the utility of 
serial bipolar electrochemistry for continuous separations 
generally and of microplastics specifically. 
One of the most interesting approaches for controlling 
the motion of charged species within microchannels involves 
the use of ion depletion zones (IDZs) and their associated 
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electric fields.17,25,48,163  An IDZ refers to a region of 
solution containing fewer charge carriers, and thus 
exhibiting higher solution resistance, than the bulk.  
Consequently, when a voltage is applied across a 
microchannel containing an IDZ, a disproportionate amount of 
the voltage drops within the IDZ thereby yielding an EFG.  
Charged species experience enhanced electromigration along 
the EFG and, by tuning the rate of solution convection, 
their motion can be controlled within the microchannel. 
EFG focusing is a relatively simple method for 
controlling the motion of charged species.13,14,16  For 
example, consider the case of the negatively charged object 
shown in Illustration 4.1a.  In this microfluidic 
experiment, the motion of the object is controlled by the 
interplay of two forces: convection and electromigration.  
When the object is at position A, the magnitude of the 
electric field is small, convection dominates 
electromigration, and the analyte moves from right to left.  
As it moves to the left, however, it encounters the IDZ and 
its associated locally enhanced electric field.  
Accordingly, at axial position B, the electric field 
strength is such that electromigration and convection are 
equal in magnitude but opposite in direction and therefore 
the net velocity of the analyte is zero.  If the analyte 
were to diffuse to position C, the higher electric field  
 57 
 
Illustration 4.1  
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would restore the object to position B.  The net effect is 
that the object is focused at axial position B.  In this 
way, EFGs have been used to enrich,18,20,36,53,164,165 
deplete,54,143 and separate charged species.70,134,144,166 
Some of the earliest reports describing EFG focusing in 
microfluidic systems relied on IDZs formed by ion 
concentration polarization (ICP).17,18,20,48,167  ICP usually 
refers to the formation of concentration gradients near an 
ion-selective nanopore or membrane.19  Illustration 4.1b 
depicts a cation-selective membrane separating two 
microfluidic channels.  When a voltage of the indicated 
polarity is applied across the microfluidic channel network, 
the negatively charged membrane passes cations from the top 
channel to the bottom channel but rejects the passage of 
anions.  To maintain electroneutrality throughout the 
system, anions migrate as indicated in the illustration.  
Accordingly, an IDZ forms near the membrane in the top 
channel and a region of enhanced ion concentration, termed 
an ion enrichment zone (IEZ), forms near the membrane in the 
bottom channel. 
Several years ago we reported an electrochemical 
variant of ICP.34,35  In this case, the IDZ forms via 
faradaic reactions proceeding at a BPE embedded within a 
microchannel containing a Tris buffer solution.  This 
process, called faradaic ion concentration polarization 
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(fICP),38 is shown in Illustration 4.1c.  In this 
configuration, a BPE is patterned along the floor of a 
microfluidic channel.  When a sufficient voltage is applied 
across the channel, faradaic water splitting proceeds at the 
ends of the BPE.  Specifically, water reduction at the 
cathodic edge produces OH- (red circle), which reacts with 
TrisH+ (blue circle) present in solution (eqs 4.1 and 4.2), 
to produce neutral Tris.  This neutralization reaction 
reduces the number of charge carriers in the vicinity of the 
cathodic pole of the BPE, thereby yielding an IDZ.  To 
conserve charge, H+ generation at the anodic edge of the BPE 
(eq 4.3) leads to an IEZ.34 
Cathode:   2 H2O + 2 e- ↔ 2 OH- + H2  (4.1) 
       TrisH+ + OH- ↔ Tris + H2O  (4.2) 
  Anode:     2 H2O ↔ 4 H+ + O2 + 4 e-  (4.3) 
In 2018 we used fICP to continuously redirect and 
separate plastic microbeads within a bifurcated 
microchannel.168  There were two main outcomes of this work.  
First, positioning the BPE, and thus the IDZ and EFG, across 
a portion of the channel width in the vicinity of the 
bifurcation enabled control over the direction of microbead 
flow (Illustration 4.1d).  Second, the IDZ and IEZ led to 
local variations in the rate of electroosmotic flow (EOF) 
throughout the microchannel, and this also affected the 
trajectory of the microbeads. 
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In the present study, we used fICP to control the flow 
of two microplastics having different electrophoretic 
mobilities within a trifurcated microchannel.  This was 
accomplished by configuring two BPEs in series and actuating 
them with a single power supply.  This approach makes it 
possible to continuously focus, sort, and separate 
microplastics, and it represents a significant advance over 
our prior report because: (1) there are interesting, new 
challenges associated with implementing the complete and 
continuous separation of multiple objects (compared to 
steering one type of object in a particular direction) and 
(2) generating multiple local electric fields within a 
single channel by simply placing metal wires at strategic 
locations opens up a vast range of new possibilities for 
membrane-free separations.169,170 
4.3 EXPERIMENTAL SECTION 
4.3.1 Chemicals 
Polystyrene microbeads functionalized with surface carboxyl 
groups (diameter = 0.99 µm (µP1), 1.04 µm (µP2), and 0.20 µm 
(µP3)) were obtained from Bangs Laboratories, Inc. (Fishers, 
IN); FC04N, PC04N, and PC02N, respectively.  BODIPY 
disulfonate fluorophore (BODIPY2-) was obtained from 
Molecular Probes (Eugene, OR).  Pluronic F108 was purchased 
from BASF (Florham Park, NJ).  Tris-HCl buffer solution was 
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prepared by dissolving reagent-grade Trizma base (Sigma-
Aldrich, St. Louis, MO) in deionized water (18.0 MΩ·cm, 
Milli-Q Gradient System, MilliporeSigma, Burlington, MA) and 
then adjusting the solution pH to 8.1 using 1.0 M HCl 
(Fisher Scientific, Hampton, NH).  Microfluidic channels 
were fabricated using poly(dimethylsiloxane) (PDMS) prepared 
from a silicone elastomer kit (Sylgard 184, Dow, Midland, 
MI). 
4.3.2 Microfluidic device fabrication 
Hybrid glass/PDMS microfluidic devices were fabricated using 
a previously reported procedure.135  First, Pt microbands 
(10 nm Ti adhesion layer + 100 nm Pt, Kurt J. Lesker 
Company, Jefferson Hills, PA) were fabricated atop a glass 
slide using standard lift-off photo-patterning procedures.  
Second, 3 mm reservoirs were punched at the ends of a PDMS 
microfluidic channel (5 mm length, 200 µm width, 11.5 µm 
height).  Third, the glass and PDMS were exposed to an O2 
plasma for 45 s (medium power, 60 W, PDC-32G, Harrick 
Scientific Products Inc., Ossining, NY) and then joined 
together.  Fourth, the assembled device was heated in an 
oven at 65 °C for 5 min to ensure irreversible bonding.  
Trifurcated microfluidic channels were used in this study, 
and to ensure a uniform flow rate the width of each of the 
smaller channels was ~1/3 that of the main channel.  The 
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microfluidic channel was positioned so that the Pt 
microbands spanned 20-25% of the main channel width. 
4.3.3 Sorting experiments 
Sorting experiments were performed as follows.  First, equal 
heights of 10.0 mM Tris buffer solution (pH 8.1), containing 
either 1.0 µM BODIPY2- and 1.5 pM µP1 or 150 fM µP2 and 190 
pM µP3, were placed into the inlet and outlet reservoirs.  
To ensure that there was no pressure-driven flow (PDF) in 
the absence of a driving voltage, the motion of the plastic 
microbeads was monitored.171  Second, a driving voltage was 
applied across the channel length using a power supply (PWS 
4721, Tektronix, Beaverton, OR) connected to Pt electrodes 
located on the floor of each reservoir.  Third, a BPE of the 
desired length was formed by connecting two Pt microbands by 
an external jumper wire.  Finally, after sorting, the 
experiment was terminated by disconnecting the jumper wire 
from the Pt microbands and turning off the driving voltage.  
An electrometer (6517b, Keithley Instruments, Cleveland, 
OH), connected in series with the power supply, and a hand-
held multimeter (AM-1118, Aktakom, Russia), connected in 
series with the BPE, were used to measure the current passed 
through the driving electrodes (itot) and the BPE (iBPE), 
respectively. 
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4.3.4 Optical and fluorescence microscopy 
The motion of microplastic particles and the BODIPY2- 
fluorophore during sorting experiments was visualized using 
an inverted fluorescence microscope (Eclipse TE 2000-U, 
Nikon, Japan) equipped with a CCD camera (Cascade 512, 
Photometrics, Tucson, AZ) controlled by V++ software 
(DigitalOptics Corporation, San Jose, CA).  Image analysis 
was performed using ImageJ (National Institutes of Health, 
Bethesda, MD).  Fluorescence measurements were performed 
with the fluorescence lamp (X-Cite 120Q, Excelitas 
Technologies Corp., Waltham, MA) on, while optical 
observations were performed with the lamp off. 
4.3.5 Solution conductivity measurements 
Solution conductivity measurements were obtained using a 
previously reported, home-built conductivity 
instrument.136,137  Measurements were performed as follows.  
A function generator (Model 182A, Wavetek, San Diego, CA) 
was used to apply an ac sine wave (±0.30 V amplitude, 5 kHz 
frequency) to one Pt microband.  The resulting current 
passed through solution to a detection microband patterned 
30 µm (center-to-center) downstream, where it was amplified 
and converted back to a voltage by a transimpedance 
amplifier.  The attenuation of the current passing through 
solution to the detection microband was related to solution 
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conductivity using a calibration curve (Appendix B).  
Conductivity measurements were carried out at 20 ± 2 °C. 
4.3.6 Numerical simulations 
Finite element simulations were carried out using the COMSOL 
Multiphysics version 5.4 software package (COMSOL Inc., 
Burlington, MA).  Simulations were performed on a 
workstation (Precision T7500, Dell, Round Rock, TX) 
outfitted with 108 GB of RAM and dual Intel Xeon processors 
(2.40 GHz).  All simulations were performed at steady state.  
A complete discussion of the theoretical background and 
details of the numerical simulations is provided in Appendix 
B. 
4.4 RESULTS AND DISCUSSION 
4.4.1 Sorting by electrophoretic mobility 
The goal of this study is to continuously sort and separate 
two microplastics having different electrophoretic 
mobilities using fICP within a trifurcated microchannel.  We 
begin, however, by controlling the motion of the BODIPY2- 
fluorophore and a negatively charged microplastic (µP1) to 
develop a better understanding of processes fundamental to 




Charged objects having different electrophoretic 
mobilities interact with EFGs in different ways.13–15,134,172–
174  Consider, for example, EFG focusing of the two charged 
objects shown in Illustration 4.2a.37,70,144  The 
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interpretation of the motion of the charged objects in this 
illustration is essentially the same as that shown in 
Illustration 4.1a, except now there are two particles having 
different properties.  The key point is that the object with 
the larger electrophoretic mobility (µep, green) is focused 
at a position with a relatively low electric field (position 
B1), while the object with the smaller electrophoretic 
mobility (µep, orange) is focused at a position having a 
relatively high electric field (position B2).  Extrapolating 
from the concept embodied by this illustration, we thought 
it would be possible to continuously separate two charged 
objects having different electrophoretic mobilities. 
Illustration 4.2b depicts the experimental system used 
to continuously sort two charged objects having different 
electrophoretic mobilities.  It shows a BPE, formed from two 
microband electrodes,36,144 positioned across a portion of 
the width of a trifurcated microchannel.  When a sufficient 
driving voltage is applied across the channel length, an IDZ 
forms near the cathodic end of the BPE (blue dashed circle) 
due to fICP (eqs 4.1 and 4.2).  The magnitude of the 
corresponding EFG is largest near the cathodic end of the 
BPE and decreases as a function of position across the 
channel width.  The non-uniform EFG directs the trajectory 
of charged objects away from the BPE cathode and toward the 
upper sidewall of the microfluidic channel.  Here, the 
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electric field is weak, convection dominates 
electromigration, and the objects flow downstream.168 
If two charged objects interact with the EFG near the 
leading edge of the BPE in a similar way, their motion is 
controlled in a manner proportional to the magnitude of 
their electrophoretic mobility.  Specifically, the object 
having the larger electrophoretic mobility (green) is 
repelled further away from the BPE cathode than the object 
having the smaller electrophoretic mobility (orange).  
Accordingly, by tuning the magnitude of electromigration and 
convection (by EOF) in the trifurcated channel, the flow of 
the green and orange objects can be directed into the top 
and middle outlet channels, respectively.  Thus, the two 
objects are continuously sorted by their electrophoretic 
mobility and separated from the plastic-free solution 
flowing into the bottom outlet channel. 
Actual sorting experiments were performed in a 
glass/PDMS microelectrochemical device having a trifurcated 
microchannel.  The microchannel was positioned so that an 
array of microbands extended across 20-25% of the width of 
the main 200 µm-wide channel (Illustration 4.2b).  A 750 µm-
long BPE was formed near the trifurcation by connecting the 
two microbands shown in Illustration 4.2b with a jumper 
wire.  The magnitude of the potential difference between the 
BPE ends and the solution (∆Eelec) is approximately 
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proportional to the length of the BPE and the magnitude of 
the driving voltage.66,68,69,145,175  As mentioned earlier, the 
rate of PDF was set to zero prior to the experiment, and 
therefore solution convection was controlled only by EOF.  
Because the channel surfaces are negatively charged in the 
presence of Tris buffer (pH 8.1), application of a driving 
voltage having the polarity shown in Illustration 4.2b 
results in solution flow from right to left (in opposition 
to electromigration).148,176 
The sorting experiments were carried out as follows.  
First, equal heights of 10.0 mM Tris buffer solution (pH 
8.1) containing 1.0 µM BODIPY2- (electrophoretic mobility = 
-3.4 µm·cm/V·s)34 and 1.5 pM µP1 (electrophoretic mobility = 
-2.0 ± 0.5 µm·cm/V·s, see Appendix B for electrophoretic 
mobility measurement details) were placed into the inlet and 
outlet reservoirs.  Second, a driving voltage of 25.0 V was 
applied across the channel length, resulting in EOF toward 
the negative driving electrodes (Illustration 4.2b).  Third, 
the two microbands indicated in Illustration 4.2b were 
connected with a jumper wire to form a 750 µm-long BPE 
(∆Eelec = ~3.8 V). 
Figure 4.1 is a pair of micrographs captured at steady 
state that display the location of µP1 and BODIPY2- in the 
trifurcated channel during a typical sorting experiment.  




Sorting BODIPY2- and µP1 in a trifurcated microchannel.  (a) 
Optical micrograph showing the location of µP1 during a 
sorting experiment.  (b) Fluorescence micrograph showing the 
location of BODIPY2- during the same sorting experiment.  
The dashed white line in (b) indicates the location of the 
cathodic pole of the BPE, which is formed by connecting the 
two microwires shown in Illustration 4.2b.  Solution 
contained 1.0 µM BODIPY2-, 1.5 pM µP1, and 10.0 mM Tris 
buffer (pH 8.1).  The driving voltage was 25.0 V and the BPE 
was 750 µm long.  EOF was from right to left.  Both 
micrographs were captured at steady state.  The scale bar 
shown in (a) also applies to (b).  
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directed away from the bottom outlet channel and into the 
middle and top channels.  Figure 4.1b is a fluorescence 
micrograph showing that BODIPY2- is directed away from the 
bottom and middle outlet channels and into the top channel.  
A movie of the complete experiment is provided in Appendix B 
(Movie B.1). 
The important point is that these results demonstrate 
that two charged objects can be continuously redirected and 
sorted along an EFG as depicted in Illustration 4.2b.  In 
this case, BODIPY2- has the larger electrophoretic mobility 
and is repelled further from the BPE than µP1 during fICP.  
Figure 4.1 also shows that sorting is imperfect.  
Specifically, all of the BODIPY2- flowing past the cathodic 
pole of the BPE is directed into the top outlet channel, but 
µP1 is directed into both the middle and top outlet channel.  
The principal reason for some of µP1 being present in the 
upper outlet channel is that it does not encounter the 
strongest region of the EFG.  That is, the magnitude of the 
EFG decreases as the distance from the BPE increases along 
the width of the microchannel.  To address this issue, and 
thereby improve sorting efficiency, we thought it would be 
possible to focus BODIPY2- and µP1 toward the lower sidewall 
of the main channel prior to their encounter with the 
strongest part of the EFG.  This hypothesis is represented 
schematically in Figure 4.2a, discussed next. 
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4.4.2 Focusing and sorting by serial faradaic ion 
concentration polarization 
So far we have shown that BODIPY2- and µP1 can be 
continuously redirected and sorted at a single BPE embedded 
within a trifurcated microchannel.  However, only a fraction 
of the objects in solution interact with the highest EFG (in 
the vicinity of the BPE) in this configuration and, 
therefore, sorting is imperfect.  Accordingly, to improve 
sorting efficiency, we designed a more sophisticated 
microelectrochemical device comprising two BPEs. 
The diagram in Figure 4.2a is a top view of two BPEs 
(BPE1 and BPE2) positioned across a fraction of the width of 
a trifurcated channel.  BPE1 is positioned near the upper 
sidewall of the channel upstream from the trifurcation, 
while BPE2 is positioned along the lower sidewall of the 
channel near the trifurcation.  When a sufficient driving 
voltage is applied across the channel length, fICP (eqs 4.1 
and 4.2) results in an IDZ near the cathodic pole of both 
BPE1 and BPE2 (blue dashed circles).  Importantly, fICP at 
BPE1 continuously directs the flow of BODIPY2- and µP1 
toward the lower sidewall of the channel.  Accordingly, both 
objects encounter the strongest part of the EFG at BPE2 and 
both are more effectively redirected compared to when only a 




(a) Schematic illustration of the microfluidic configuration 
used for serial fICP experiments.  For all frames except 
(e), both BPE1 and BPD2 were active.  For frame (e), only 
BPE1 was active.  (b-g) Series of optical and fluorescence 
micrographs showing the location of µP1 and BODIPY2- during 
serial fICP.  With reference to the three dotted lines at 
the bottom of (a), the micrographs were captured along the 
portion of the channel length indicated by (b and c) the 
dotted black line; (d) the dotted green line; and (e-g) the 
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dotted red line.  The curved black arrow in (b) indicates 
the location and the rotation direction (counterclockwise) 
of the vortex downstream of the cathodic pole of BPE1 (the 
vortex can be more easily visualized in Movie B.2 in 
Appendix B).  The dashed white lines in (c) and (g) 
indicated the locations of the cathodic poles of BPE1 and 
BPE2, respectively.  The solution contained 1.0 µM BODIPY2-, 
1.5 pM µP1, and 10.0 mM Tris buffer (pH 8.1).  The driving 
voltage was 25.0 V.  BPE1 was 750 µm long and BPE2 was 1000 
µm long.  EOF was from right to left.  All micrographs were 
captured at steady state.  The scale bar shown in (b) also 
applies to (c-g).  Figure 4.2: continued. 
The two-BPE focusing and sorting experiments were 
carried out as follows.  First, equal heights of 10.0 mM 
Tris buffer solution (pH 8.1) containing 1.0 µM BODIPY2- and 
1.5 pM µP1 were placed into the inlet and outlet reservoirs 
to ensure zero PDF.  Second, a driving voltage of 25.0 V was 
applied across the channel length, resulting in EOF toward 
the negative driving electrodes.  Third, two pairs of 
microband electrodes were connected with jumper wires to 
yield the two BPEs shown in Figure 4.2a.  These BPEs extend 
across 20-25% of the width of the main 200 µm-wide channel, 
and the distance from the upstream edge of BPE1 to the 
upstream edge of BPE2 is 1460 µm.  BPE1 is 750 µm long 
(∆Eelec = ~3.8 V) and BPE2 is 1000 µm long (∆Eelec = ~5.0 V). 
The remaining frames in Figure 4.2 are a series of 
micrographs, captured at steady state, that reveal the 
location of BODIPY2- and µP1 along the channel length during 
a focusing and sorting experiment.  Figure 4.2b is an 
optical micrograph captured along the portion of the channel 
 74 
length indicated by the dotted black line at the bottom of 
Figure 4.2a.  It shows that the presence of the cathodic 
pole of BPE1, and the associated fICP, changes the 
distribution of µP1 in the channel.  Although it is 
difficult to see in this still image, there is also a single 
vortex (indicated by the curved black arrow in Figure 4.2b) 
that forms just downstream from the cathodic pole of BPE1.  
Both of these observations are more clearly visible in Movie 
B.2 (Appendix B).  Figure 4.2c is a fluorescence micrograph 
captured at the same axial position as Figure 4.2b, and it 
shows that BODIPY2- is directed away from the cathodic pole 
of BPE1 during fICP.  Figure 4.2d is an optical micrograph 
captured along the portion of the channel length indicated 
by the dotted green line in Figure 4.2a.  It shows that µP1 
is directed away from the anodic pole of BPE1 and toward the 
lower sidewall of the channel during fICP. 
Taken together, Figures 4.2b-4.2d show that fICP at 
BPE1 significantly impacts the trajectory of BODIPY2- and 
µP1 as they traverse the channel length.  While redirection 
near the cathodic edge of BPE1 results from the locally 
enhanced electric field in solution, the vortex shown in 
Figure 4.2b and the redirection in the vicinity of the BPE 
anode shown in Figure 4.2d are more complicated to explain.  
These latter two phenomena are related to formation of ionic 
concentration gradients in solution and will be discussed in 
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more detail later.168  For now, however, the key point is 
that BPE1 focuses BODIPY2- and µP1 toward the lower sidewall 
of the channel upstream from BPE2 (Figures 4.2c and 4.2d). 
Figure 4.2e is an optical micrograph captured along the 
portion of the channel length indicated by the dotted red 
line in Figure 4.2a.  This micrograph was captured prior to 
connecting the microbands comprising BPE2 but with BPE1 
active.  It shows that µP1 is still focused in the lower 
half of the channel when it reaches the cathodic edge of 
BPE2. 
Figure 4.2f is an optical micrograph captured at the 
same axial position as in Figure 4.2e, but with fICP 
proceeding at both BPE1 and BPE2 (i.e., serial fICP).  It 
shows that the majority of µP1 is directed away from the 
cathodic pole of BPE2 and into the middle outlet channel.  
However, a portion of µP1 passes through the EFG formed near 
the cathodic pole of BPE2 and enters the bottom outlet 
channel.  Figure 4.2g is a fluorescence micrograph captured 
at the same axial position as Figures 4.2e and 4.2f, and it 
shows that BODIPY2- is directed away from the cathodic pole 
of BPE2 and into the middle and top outlet channels. 
Figures 4.2f and 4.2g confirm that the EFG near the 
cathodic pole of BPE2 sorts µP1 and BODIPY2- according to 
their electrophoretic mobility.  Unfortunately, despite both 
species interacting with the strongest part of the EFG at 
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BPE2, sorting is still imperfect.  The results shown in 
Figures 4.2b-4.2g demonstrate, however, that two BPEs, 
operated in series with a single power supply, can be used 
to form two IDZs and that the corresponding EFGs control the 
motion of charged species in a microchannel.  This was a 
surprising finding because we thought that processes 
occurring at and near BPE1 might inhibit formation of a 
significant IDZ and EFG at BPE2.  To better understand the 
distribution of solution species during serial fICP, as well 
as why sorting is incomplete, we performed in-situ solution 
conductivity measurements. 
4.4.3 Solution conductivity measurements 
Figure 4.3a is a simplified schematic illustration of the 
experimental configuration shown in Figure 4.2a.  A table 
summarizing both experimental and simulated (discussed 
later) results from the solution conductivity measurements 
is also shown.  The experimental measurements were carried 
out as described for Figure 4.2, except conductivity 
microbands (shown in red), positioned at least 1000 µm 
downstream from the trifurcation intersection, were used to 
measure the solution conductivity at steady state in each 
outlet channel.  Conductivity measurements performed in each 
outlet channel with only the microbands comprising BPE1 




(a) Schematic illustration of the microfluidic configuration 
used to measure solution conductivity, and a table 
summarizing the results from direct, in-situ solution 
conductivity measurements (three replicates) and analogous 
numerical simulations.  The conductivity measurements are 
normalized to the conductivity of the bulk solution.  The 
solution contained 1.0 µM BODIPY2-, 1.5 pM µP1, and 10.0 mM 
Tris buffer (pH 8.1).  The driving voltage was 25.0 V.  Both 
BPE1 (750 µm long) and BPE2 (1000 µm long) were connected 
for this experiment.  EOF was from right to left.  All 
measurements were performed at steady state.  (b) Schematic 
illustration of the Tris buffer chemistry at BPE1 during 
serial fICP.  
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approximately, the conductivity of the solution between the 
downstream edge of BPE1 and the upstream edge of BPE2 during 
focusing and sorting experiments.177–181  Conductivity 
measurements performed with the microbands comprising both 
BPE1 and BPE2 connected (i.e., BPE1 and BPE2 “on”) are 
characteristic of the conductivity of solution in each 
outlet channel during focusing and sorting experiments.  The 
results in the table are normalized to the conductivity of 
the bulk solution (bulk = 1.00) and represent the average of 
three measurements. 
The tabulated experimental data in Figure 4.3a reveal 
two key findings.  First, the three values shown in the 
first column of the table are fairly close to the normalized 
bulk conductivity of 1.00.  This means that forming an IDZ 
and IEZ near the anodic and cathodic poles, respectively, of 
BPE1 does not greatly change the conductivity of solution 
downstream from BPE1.  We believe this is related to Tris 
buffer chemistry.  Specifically, just as OH- produced at the 
cathodic end of a BPE neutralizes TrisH+ (eqs 4.1 and 4.2), 
H+ produced at the anodic pole converts Tris to TrisH+ (eqs 
4.3 and 4.4).182  In this way, TrisH+ molecules neutralized 
near the cathodic pole of BPE1 are reionized in the vicinity 
of the anodic pole of the same BPE, as illustrated in Figure 
4.3b.  Regeneration of TrisH+ acts to conserve the 
conductivity (and presumably the composition) of the 
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solution upstream from BPE1 and BPE2 and is critical to the 
success of serial fICP. 
Tris + H+ ↔↔TrisH+    (4.4) 
Second, the data presented in the second column show 
that solution conductivity is significantly different in 
each outlet channel during serial fICP experiments.  
Specifically, solution conductivity is increased in the 
bottom outlet channel, decreased in the middle outlet 
channel, and nearly unchanged in the top outlet channel vs. 
bulk solution.  This is important because conductivity 
variations of the magnitudes measured with BPE1 and BPE2 
“on” are known to yield non-uniform EOF within microfluidic 
channels.25,26,43,50,140,159,160,162,168  For the experiments 
discussed so far, where solution convection is controlled by 
EOF, local variations in the rate of EOF can impact the 
performance of focusing and sorting by serial fICP. 
To summarize, solution conductivity measurements 
performed with BPE1 “on”, as well as with BPE1 and BPE2 
“on”, improve our understanding of the mechanism of serial 
fICP and reveal significant variation between the 
conductivity of solution in each outlet channel.  To better 
understand how these local variations in solution 
conductivity impact the rate of solution convection 
throughout the microfluidic channel, we performed numerical 
simulations. 
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4.4.4 Numerical simulations 
We used the finite element method to solve numerical 
simulations and gain additional insight into the 
experimental results of focusing and sorting by serial fICP.  
Steady-state simulations were performed using a two-
dimensional (2D) model based on the xy-plane of the 
microelectrochemical device illustrated in Figure 4.2a. 
A complete description of the theoretical background 
and simulation methods is provided in Appendix B.  Briefly, 
however, solution convection was calculated using the 
Navier-Stokes equation.  The electric double layer is 
considerably smaller than the channel dimensions (thin 
double layer approximation), and thus EOF was modeled as a 
slip condition imposed at the channel walls and formulated 
according to the Helmholtz-Smoluchowski equation.35,183  Mass 
transport was resolved by the Nernst-Planck equation and the 
electroneutrality condition.  The electric field in solution 
was determined from the steady-state currents passed through 
the driving electrodes (itot) and the BPEs (iBPE1 and iBPE2) 
as well as solution conductivity.  The electrochemical 
reactions (eqs 4.1 and 4.3) at the BPEs were modeled as 
fluxes, and the Tris buffer chemistry (eqs 4.2 and 4.4) was 
modeled using reaction rate constants.35 
Figure 4.4a is a plot of the simulation domain.  This 




Steady-state simulation results for a solution containing 
10.0 mM Tris buffer (pH 8.1), and with itot = 1.32 µA, iBPE1 
= 0.60 µA, and iBPE2 = 0.74 µA (i.e., BPE1 and BPE2 “on”).  
(a) Plot of the 2D model domain.  The red and blue 
rectangles indicate the positions of the poles of BPE1 and 
BPE2, respectively.  (b) Distribution of TrisH+ along the 
channel length.  (c) Plot of solution conductivity 
throughout the channel.  Conductivity values are normalized 
to the conductivity of the bulk solution.  (d) Plot of the 
rate of convection along the channel length during serial 
fICP.  
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positioning the BPEs along the channel sidewalls.  The 
location of the poles of BPE1 and BPE2 are indicated by the 
small red and blue rectangles, respectively.  The x- and y-
axes refer to the channel length and width, respectively. 
Figure 4.4b is a plot of the distribution of TrisH+ 
during a focusing and sorting experiment (i.e., both BPEs 
"on").  It shows that the concentration of TrisH+ decreases 
in the vicinity of the cathodic poles of each BPE but 
increases near their anodic poles.  This finding is in 
accord with our understanding of Tris buffer chemistry (eqs 
4.1-4.4).  Furthermore, Figure 4.4b shows that the 
concentration of TrisH+ near the leading edge of BPE2 (~5.3 
mM at x = 1300 µm, y = 0-100 µm) is similar to that of the 
bulk solution upstream from BPE1 (5.8 mM at x = 2900 µm).  
This finding confirms that fICP at BPE1 does not 
significantly impact the concentration of TrisH+ near the 
leading edge of BPE2. 
 Figure 4.4c is a plot of the solution conductivity 
normalized to the conductivity of bulk solution.  The trends 
in this plot are nearly identical to those shown in Figure 
4.4b for the concentration of TrisH+.  Specifically, the 
prominent features of this plot are IDZs and IEZs in the 
vicinity of the cathodic and anodic poles, respectively, of 
the BPEs.  Additionally, the normalized solution 
conductivity just upstream from BPE2 (x = 1300 µm) is ~0.9 
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at the lower sidewall of the channel (y = 0 µm) and ~1.2 at 
the upper sidewall (y = 200 µm).  Finally, the solution 
conductivity 1000 µm downstream from the trifurcation is 
increased in the bottom outlet channel, decreased in the 
middle outlet channel, and nearly unchanged in the top 
outlet channel vs. bulk solution.  Importantly, the 
conclusions relating to Figure 4.4c, and those derived from 
the experimental conductivity measurements (Figure 4.3a), 
are nearly the same. 
To better compare the results of the numerical 
simulations to the solution conductivity measurements in 
Figure 4.3a, we also performed simulations with only BPE1 
“on” (Appendix B).  The conductivity of the simulated 
solution at the left end of each outlet channel (1000 µm 
downstream from the trifurcation) in this case is shown in 
the first column of the lower part of the table in Figure 
4.3a.  Each value represents the average conductivity of 
solution across the width of the indicated channel and is 
normalized to the conductivity of bulk solution.  These 
results are in reasonable agreement with the experimental 
results in the top part of the table.  We conclude that the 
electrochemical (eqs 4.1 and 4.3) and chemical (eqs 4.2 and 
4.4) reactions included in the numerical model appropriately 
describe fICP at a BPE. 
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Simulation results analogous to those discussed in the 
previous paragraph and related to those in Figure 4.4c (both 
BPEs "on") are shown in the second column of the lower part 
of the table in Figure 4.3a.  The significant differences 
between the simulated and experimentally measured 
conductivities in this case are likely related to geometric 
effects.  Specifically, in the experimental device, the BPE 
poles extend across 20-25% of the width of the 200 µm-wide 
main channel (as shown in Figure 4.2a), whereas in the 
simulations the BPEs are flush with the sidewalls.  
Therefore, in the experiments (but not in the simulations), 
a significant portion of the TrisH+ neutralized near the 
cathodic pole of BPE2 flows downstream and enters the middle 
outlet channel.  Thus, flow displacement of the IDZ leads to 
the measurement of a significant decrease in solution 
conductivity in the middle outlet channel.168  Likewise, the 
amount of H+ generated at the anodic pole of BPE2 exceeds 
the amount of neutralized TrisH+ in the bottom outlet 
channel, and thus a significant increase in solution 
conductivity is measured in the bottom outlet channel.  
Additional details are provided in the context of Figure B.3 
in Appendix B. 
 The rate of convection along the channel length is 
plotted in Figure 4.4d.  It shows that the rate of 
convection varies significantly near the poles of the BPEs 
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and the channel trifurcation.  The main finding extracted 
from Figure 4.4d is that serial fICP produces significant 
and complex flow variations within the microelectrochemical 
device when convection is controlled by EOF.  Flow 
variations of the type shown in Figure 4.4d account for the 
experimentally observed microplastic vortexing near the 
cathodic pole of BPE1 (shown in Figure 4.2b) and 
microplastic redirection near the anodic pole of BPE1 
(Figure 4.2d).  Furthermore, it is likely that complex flow 
near the cathodic pole of BPE2 and the channel trifurcation 
limits the performance of sorting and focusing by serial 
fICP.  More detailed information relating to Figure 4.4d is 
provided in Appendix B.  To address the complexity of the 
flow, however, we developed a method for minimizing these 
effects.  This is discussed next. 
4.4.5 Focusing, sorting, and separating by serial faradaic 
ion concentration polarization 
The effectiveness of serial fICP depends on convection via 
EOF.  As we demonstrated in the previous section (Figure 
4.4d), however, EOF is complex and varies along the channel 
length.  To address this issue, we now turn our attention to 
suppressing EOF and controlling convection by PDF.50,184 
 Serial fICP experiments were performed in a 
microelectrochemical device identical to the one previously 
described in the context of Figure 4.2a.  Following 
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fabrication, however, the surfaces of the microchannel were 
modified by flowing 10.0 mM Tris-HCl solution (pH 8.1) 
containing 5.0 µM of the non-ionic surfactant Pluronic F108 
through the channel for 21 h by PDF.37,39,40  Pluronic 
treatment suppressed the rate of EOF within the microchannel 
by 49 ± 8% (three replicates) for at least 2 h following 
treatment.185 
Following treatment of the channel surfaces with 
Pluronic, sorting experiments were carried out as follows.  
First, different heights of 10.0 mM Tris buffer solution (pH 
8.1) containing 150 fM µP2 (electrophoretic mobility = -2.4 
± 0.5 µm·cm/V·s) and 190 pM µP3 (electrophoretic mobility = 
-4 ± 1 µm·cm/V·s, see Appendix B for electrophoretic 
mobility measurement details) were placed into the inlet and 
outlet reservoirs resulting in PDF (32 ± 3 nL/min, seven 
replicates) toward the trifurcation.  Second, a driving 
voltage of 25.0 V was applied across the channel length 
resulting in EOF toward the negative driving electrodes.  
Therefore, in this experiment, convection is by both EOF and 
PDF.  Third, two pairs of microband electrodes were 
connected with jumper wires to yield a pair of BPEs 
configured as in Figure 4.2a.  In this case, BPE1 and BPE2 
are both 1000 µm long (∆Eelec = ~5.0 V). 
Figure 4.5 is a series of optical micrographs captured 




Series of micrographs showing the location of µP2 and µP3 
during serial fICP (both BPE1 and BPE2 active and 1000 µm in 
length).  Optical micrographs captured along the portion of 
the channel length indicated by (a) the dotted black line, 
(b) the dotted green line, and (c) the dotted red line at 
the bottom of Figure 4.2a.  The white line in (a) indicates 
the approximate boundary between solution containing µP3 
(below) and µP3-free solution (above).  The red arrow in (a) 
indicates a region of the channel in which microplastics are 
retained.  The solution contained 150 fM µP2, 190 pM µP3, 
and 10.0 mM Tris buffer (pH 8.1).  The driving voltage was 
25.0 V.  PDF (32 ± 3 nL/min, seven replicates) and EOF were 
from right to left.  All micrographs were captured at steady 
state.  The scale bar shown in (a) also applies to (b) and 
(c).  
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captured along the portion of the channel length indicated 
by the dotted black line at the bottom of Figure 4.2a.  It 
shows that the EFG in the vicinity of the cathodic pole of 
BPE1 directs µP2 and µP3 toward the lower sidewall of the 
channel.  Note that µP3 is too small (0.20 µm) to be 
visualized as discrete particles, and therefore it appears 
as a slightly darker gray haze below the white line that has 
been added to this image.  The red arrow in Figure 4.5a also 
indicates that some microplastics stack just upstream from 
the BPE1 cathode.  At this location, the forces of 
electromigration and convection are equal in magnitude but 
opposite in direction, and thus the microplastics are 
focused here. 
Figure 4.5b was captured along the portion of the 
channel length indicated by the dotted green line in Figure 
4.2a.  It shows that processes at the anodic pole of BPE1 
have little to no impact on the flow of the majority of the 
microplastics.  However, this micrograph shows a stream of 
µP3 downstream of the edge of the anodic pole.  This is 
likely due to electrostatic interactions between the 
negatively charged microplastics and the positively charged 
anodic pole of BPE1. 
 Figure 4.5c is a micrograph captured along the portion 
of the channel length indicated by the dotted red line in 
Figure 4.2a.  It shows that the IDZ and corresponding EFG 
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near the cathodic pole of BPE2 direct µP2 and µP3 into the 
middle and top outlet channels, respectively.  Accordingly, 
the two microplastics are nearly quantitatively sorted 
according to their electrophoretic mobility, and they are 
completely separated from the solution flowing into the 
bottom outlet channel.  A movie of the complete experiment 
is included in Appendix B (Movie B.3).  The main point 
relating to Figure 4.5 is that by suppressing EOF and 
controlling convection primarily by PDF, the types of flow 
variations apparent in Figure 4.4d are minimized.  This 
results in greatly enhanced separation efficiency of the two 
types of microplastics. 
4.5 SUMMARY AND CONCLUSIONS 
In this chapter, we have reported three key findings.  
First, serial bipolar electrochemistry enables simultaneous 
formation of two IDZs, and their corresponding EFGs, within 
a single microfluidic channel and using just a single power 
supply.  Second, complex flow variations that adversely 
impact separations during fICP can be mitigated by 
minimizing EOF in favor of PDF.  Finally, serial fICP within 
a trifurcated microchannel results in continuous and 
quantitative focusing, sorting, and separating of 
microplastics.  These results represent a significant 
advancement of our understanding of processes fundamental to 
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fICP and their application to continuous and precise control 
of the flow of multiple charged objects.  In the future, we 
plan to develop alternative approaches to fICP that do not 
rely on buffer chemistry.  Success in this endeavor will 
increase the types of solutions in which the motion of 
charged objects can be controlled by fICP.  The results of 
these experiments will be reported in due course.  
 91 
Chapter Five: Effect of Chloride Oxidation on Local 
Electric Fields in Microelectrochemical Systems2 
5.1 SYNOPSIS 
We recently reported that electrochemical oxidation of Cl- 
to neutral Cl2 decreases solution conductivity, thereby 
yielding a local electric field gradient.  Here, we report 
detailed experimental results and simulations indicating 
that the situation is more complex than we originally 
thought.  The key new findings are twofold.  First, once 
generated, Cl2 rapidly reacts with water to form ionic 
species that increase, rather than decrease, solution 
conductivity near the anode.  Second, the electrochemical 
potential gradient measured in the vicinity of the anode 
during Cl- oxidation is dominated by differences in the 
chemical potential, rather than the electrical potential, of 
the solution.  These findings clarify the electrochemical 
and chemical processes previously reported to enable 
desalination via faradaic Cl- oxidation. 
                                                 
2 The work described here was previously published: 
Davies, C. D.; Johnson, S. E.; Crooks, R. M. Effect of chloride 
oxidation on local electric fields in microelectrochemical systems. 
ChemElectroChem 2019, 6, 4867-4876.  CDD, SEJ, and RMC planned the 
experiments; CDD and SEJ performed the experiments; CDD performed the 
numerical simulations; CDD and SEJ analyzed the results; CDD wrote the 





Several methods have recently been reported for manipulating 
the trajectory of ions in microfluidic devices,186–190 and in 
some cases these methods have been applied to the 
desalination of salt water.54,71,152,191,192  With regard to the 
latter, the approach that has received the most attention 
relies on the presence of an ion depletion zone (IDZ).17  An 
IDZ is a region within a solution that has a lower ionic 
strength, and hence higher solution resistance, than the 
bulk.  Accordingly, when a voltage is applied across a 
microfluidic device containing an IDZ, a disproportionate 
amount of the voltage is dropped in the IDZ and a local 
electric field gradient (EFG) forms in solution.  Along the 
locally elevated electric field, ions experience enhanced 
electromigration, and, importantly, if convective forces 
also act on the ions, mass transport can be controlled in 
interesting ways. 
 EFG focusing is perhaps the simplest approach to 
manipulating ions along an EFG.13,15,16  Consider a cation 
located at axial position A in Illustration 5.1a.  Here, the 
local electric field is weak, convection dominates 
electromigration, and the cation moves from left to right.  
When the cation reaches position B, the magnitude of the 
electric field is such that electromigration balances 
convection and the cation experiences zero net force.  
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However, if the ion were to diffuse to position C, 
electromigration would return the ion to position B.  The 
net result is that, at steady state, all of the cations of 
interest within a channel are focused at position B.  By 
tuning the magnitude of convection and electromigration, as 
well as the shape of the EFG within a channel, this approach 
has been used to focus,38,193,194 deplete,143 and separate 
ions.54,71,195 
 In an early example of microfluidic-based desalination, 
the IDZ was formed by taking advantage of an ion-selective 
membrane contained within a microfluidic system.54  This 
type of device was configured as shown in Illustration 5.1b.  
Here, two microchannels are connected by the membrane.  Due 
to the presence of excess negative charge, the membrane is 
permeable to cations but rejects the passage of anions.  
When a voltage is applied as shown in the illustration, 
cations migrate from the top channel to the bottom channel 
through the membrane, and to maintain charge neutrality 
anions migrate toward the anodes.  Accordingly, an IDZ forms 
near the junction of the top channel and the membrane.  A 
corresponding region of increased ionic strength, termed an 
ion enrichment zone (IEZ), forms in the bottom channel.  
Alternative approaches for forming an IDZ using selective 
membranes have also been reported.18,196–198 
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 In 2008, we reported an electrochemical means for 
generating an IDZ.34  In this approach (Illustration 5.1c), 
an IDZ forms in the vicinity of a bipolar electrode 
microfabricated within a fluidic channel.66–68,145,199  When an 
appropriate electric field is applied across the bipolar 
electrode, it develops anodic and cathodic poles that can 
drive faradaic electrochemical processes.  For example, a 
neutral water molecule can be reduced to form OH- at the 
cathode (i.e., Illustration 5.1c, red circle).  If a buffer 
cation, such as TrisH+ (blue circle), is also present in 
solution, OH- will neutralize it (eqs 5.1 and 5.2) resulting 
in a local IDZ.  To conserve charge, the water oxidation 
reaction proceeds at the bipolar electrode anode (eq 5.3), 
and this leads to formation of an IEZ. 
Cathode:  2 H2O + 2 e- ↔ 2 OH- + H2  (5.1) 
   TrisH+ + OH- ↔ Tris + H2O  (5.2) 
Anode: 2 H2O ↔ 4 H+ + O2 + 4 e-   (5.3) 
 This electrochemical approach represents a membrane-
free and potential-selective method to form an IDZ, and 
therefore an EFG, adjacent to a mechanically robust 
electrode.  We have shown that the resulting EFG can be used 
to concentrate ions by 500,000 fold,38 separate and enrich 
ions having different mobilities,39 and continuously 
redirect and separate microplastics into a secondary 
channel.168 
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In 2013, we applied the approach described in the 
previous two paragraphs to desalination.71,72  Illustration 
5.1d is a representation of the device and the processes 
that we believed led to desalination.  In the presence of 
salt water, application of a sufficient voltage between an 
anode positioned at the bifurcation of a Y-shaped channel, 
and cathodes located in the channel reservoirs, results in 
electrochemical oxidation of Cl- at the anode (eq 5.4).  
Oxidation of charged Cl- to neutral Cl2 lowers the 
concentration of ions near the anode and leads to the 
formation of an IDZ and EFG.  If convection and 
electromigration along the locally enhanced field are 
similar in magnitude, then ions are directed away from the 
anode and into the top channel.168  However, neutral water 
molecules pass through the EFG unaffected.  Thus, an EFG 
separates a salt water feed into brine and desalted water 
streams.  To conserve charge and maintain electroneutrality, 
the water reduction reaction proceeds at cathodes located in 
the channel reservoirs (eq 5.1). 
      2 Cl- ↔ Cl2 + 2 e-    (5.4) 
Two experimental results led us to the foregoing 
interpretation.  First, fluorescence measurements performed 
when the salt solution contained a charged fluorophore as an 
ionic tracer revealed a decrease in fluorescence intensity 
in the bottom (desalted) channel during desalination 
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experiments.  Second, experiments intended to measure the 
electric potential profile in solution revealed a local 
potential gradient near the anode in the presence of Cl- 
(but not in its absence).  On the basis of the following 
four observations, therefore, we concluded that this 
microelectrochemical approach leads to desalination.  First, 
the experiments discussed in the context of Illustration 
5.1c operate exactly as described earlier and are analogous 
to the mechanism represented in Illustration 5.1d.  Second, 
an ionic fluorescent tracer exhibited decreased fluorescence 
in the desalted microchannel.  Third, an apparent EFG near 
the anode, which is necessary for forming an IDZ, was found 
to be present. Fourth, numerical simulations corroborated 
the experimental results.73 
More recently, however, we reevaluated these findings 
and discovered that the electrochemical and chemical 
processes occurring in the microfluidic system represented 
in Illustration 5.1d are more complex and subtle than we 
originally believed.  Specifically, and most importantly, we 
neglected to account for the fact that electrochemically 
generated Cl2 undergoes a rapid reaction in water that 
yields ionic products.200–203  As we discuss in this chapter, 
these products quench the IDZ and, hence, the EFG. 
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5.3 EXPERIMENTAL SECTION 
5.3.1 Chemicals 
Fluorescent (Dragon green; Ex. 480 nm, Em. 520 nm) 
polystyrene microbeads (fµB, nominally 1 µm in diameter), 
surface functionalized with carboxyl groups, were obtained 
from Bangs Laboratories (FC04F, Fishers, IN).  Reagent-grade 
NaCl and Na2SO4 were obtained from Fisher Scientific 
(Hampton, NH).  All solutions were prepared using deionized 
water (DI water, 18.0 MΩ·cm, Milli-Q Gradient System, 
Millipore, Burlington, MA).  The poly(dimethylsiloxane) kit 
(PDMS, Sylgard 184) was obtained from Dow Silicones Corp., 
Midland, MI. 
5.3.2 Microfluidic device fabrication 
Hybrid glass/PDMS microfluidic devices were prepared as 
previously reported.71,135  First, Pt microwires (10 nm Ti 
adhesion layer + 100 nm Pt, Kurt J. Lesker, Jefferson Hills, 
PA) were patterned atop a glass slide using standard lift-
off photo-patterning procedures.  Second, a straight PDMS 
microchannel (5.0 mm long, 23 µm high, 117 µm wide) was 
fabricated by replica molding,148 and then reservoirs (~3 mm 
diameter) were punched at either end of the microchannel.  
Third, the two halves of the device were exposed to an O2 
plasma for 45 s (medium power, 60 W, model PDC-32G, Harrick 
Scientific, Ithaca, NY).  Fourth, the PDMS microchannel was 
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oriented such that the microbands extended across the width 
of the channel (Figure 5.1b).  Finally, the device was cured 
at 65 °C for 5 min to promote irreversible bonding of the 
PDMS and glass. 
5.3.3 Electrochemical experiments 
Electrochemical experiments were performed as follows.  
First, a solution containing 50.0 mM NaCl and 13 fM fµB was 
flowed through the microchannel by pressure-driven flow 
(PDF) arising from a difference in solution heights in the 
channel reservoirs.  As discussed later, the speed of fµB is 
used to calculate the flow rate of the solution.  Next, a 
battery pack composed of two 1.5 V AA batteries (Duracell, 
Bethel, CT) was used to apply a 3.0 V bias between the Pt 
anode microband (50 µm long, 117 µm wide), located in the 
center of the microchannel, and Pt cathodes patterned on the 
floor of the reservoirs (Figure 5.1a).  A hand-held digital 
multimeter (AM-1118, Aktakom, Russia), connected in series 
with the battery pack, was used to measure the current 
passed between the anode and the cathodes.  As the 
experiment proceeded, electrochemical potential (ECP) 
measurements or solution conductivity measurements were 
performed to characterize the solution in the vicinity of 
the anode.  These procedures were repeated with a Cl--free 
control solution containing 50.0 mM Na2SO4 and 13 fM fµB. 
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5.3.4 Electrochemical potential measurements 
The ECP profile near the anode was characterized using a 
scanning digital multimeter (Model 2700, Keithley 
Instruments, Cleveland, OH) in conjunction with a 
multiplexer module (Model 7701, Keithley) connected to Pt 
microbands 1-12 (Figure 5.1b).36,71  The ECP difference 
between neighboring microbands was measured using the 
scanning digital multimeter operated in voltage mode.  The 
measurement acquisition time was ~0.1 s and the voltage 
between each pair of microbands was measured every 2.0 s.  
The length of the measurement microbands is 15 µm and the 
center-to-center spacing is 30 µm, except for microbands 8 
and 9.  Those two microbands span the 50 µm-wide anode and 
thus have a center-to-center spacing of 95 µm.  The data 
were recorded and processed using ExceLINX software 
(Tektronix, Beaverton, OR). 
5.3.5 Solution conductivity measurements 
The microbands used to determine the ECP profile were also 
used to measure solution conductivity.  The procedure has 
been reported previously.136,137,204,205  Briefly, a function 
generator (Model 182A, Wavetek, San Diego, CA) was used to 
apply an ac voltage (±0.30 V amplitude, 120 kHz frequency) 
to one Pt microband.  The resulting current passed through 
solution to a detection microband patterned 30 µm (center-
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to-center) downstream, where it was converted back to a 
voltage through a two-stage transimpedance amplifier.  The 
attenuation of the current passing between the microbands 
was related to solution conductivity by a calibration curve 
(Appendix C).  Conductivity measurements were obtained using 
microbands 1 and 2, 7 and 8, 9 and 10, and 15 and 16, as 
shown in Figure 5.2a.  These measurements were carried out 
at 20 ± 2 °C. 
5.3.6 Flow rate measurements 
The rate of PDF was determined by optically tracking the 
motion of fµB along the channel length using an inverted 
microscope (Eclipse TE2000-U, Nikon, Japan) equipped with a 
CCD camera (Cascade 512B, Photometrics, Tucson, AZ) and V++ 
software (DigitalOptics Corporation, San Jose, CA).  The 
data were processed using ImageJ (National Institutes of 
Health, Bethesda, MD).  The experimentally determined flow 
rates for the NaCl and Na2SO4 experiments were 83 ± 7 nL/min 
(38 replicates) and 90 ± 13 nL/min (10 replicates), 
respectively. 
5.3.7 Numerical simulations 
Finite element simulations were carried out using the COMSOL 
Multiphysics version 5.4 software package.  Simulations were 
performed using a Dell Precision workstation (Model T7500) 
equipped with two Intel Xeon processors (2.40 GHz) and 24 GB 
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of RAM.  All simulations were performed at steady state.  A 
complete discussion of the theoretical background and 
details of the numerical simulations is provided in Appendix 
C. 
5.4 RESULTS AND DISCUSSION 
5.4.1 Aqueous Cl2 chemistry 
As discussed in the Introduction, we previously reported 
forming an IDZ in a device similar to that shown in 
Illustration 5.1d by electrochemically oxidizing Cl- to 
neutral Cl2 (eq 5.4).71  Recently, however, we realized that 
we did not take into account the instability of Cl2 in 
aqueous solutions in formulating our conclusions.  In this 
section, we discuss the relevant aqueous Cl2 chemistry, and 
in subsequent sections explain the consequences of 
disregarding it in relation to formation of an IDZ and hence 
desalination. 
In the microelectrochemical system used in the present 
study (Figure 5.1a), Cl2 is electrogenerated from Cl- at the 
anode.  Subsequently, Cl2 undergoes rapid hydrolysis to 
yield H+, Cl-, and HOCl (eq 5.5).202,203  HOCl is a weak acid 
(pKa = 7.5) and only partially dissociates (eq 5.6).  
Importantly, the products of these reactions are ionic, and 
therefore they should serve to counteract formation of the 
putative IDZ resulting from formation of Cl2.  In the 
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following sections, we will demonstrate that this is the 
case. 
Cl2 + H2O ↔ H+ + Cl- + HOCl   (5.5) 
   HOCl ↔ H+ + OCl-    (5.6) 
5.4.2 Electrochemical potential measurements 
Figure 5.1a is a schematic illustration of the microfluidic 
system used in this study to evaluate the electrical 
properties of the solution in the vicinity of the anode.  
Briefly, the system consists of a straight microchannel 
fabricated from PDMS and attached to a glass slide modified 
with lithographically patterned Pt microwires.  The 
microchannel is positioned atop the Pt microwires such that 
the Pt anode extends across the entire channel width.  A 
battery pack is then used to apply a voltage between the 
anode and cathodes, which are located at the base of the 
channel reservoirs.  In the presence of NaCl, application of 
a sufficient voltage drives Cl- oxidation at the anode and 
water reduction at the cathodes (eqs 5.4 and 5.1, 
respectively).  Oxidation of Cl- to Cl2 decreases the 
concentration of charge carriers near the anode, and we 
previously reported that this leads to formation of an IDZ 
and, hence, a local EFG.71–73 
The electrochemical experiments discussed hereafter 




(a) Schematic illustration of the microfluidic configuration 
used for measuring the ECP field.  The array of microbands 
used for mapping the ECP profile have been omitted for 
clarity.  (b) Micrograph of the microfluidic channel 
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positioned atop the patterned Pt circuitry.  The circuitry 
consists of a central anode microband flanked by an array of 
measurement microbands (microbands 1-16).  (c) Line plot of 
the steady-state ECP field measured near the anode.  The 
solutions contained either 50.0 mM NaCl or 50.0 mM Na2SO4.  
All solutions also contained 13 fM fµB for measuring the 
flow rate.  The flow rate for experiments performed with 
50.0 mM NaCl or 50.0 mM Na2SO4 was 83 ± 7 nL/min or 90 ± 13 
nL/min, respectively.  The applied voltage was 3.0 V.  Each 
data point represents the average of at least nine 
independent experiments performed using three different 
microfluidic devices.  Figure 5.1: continued. 
fM fµB.  The composition of the solution is important for 
three reasons.  First, the rate of solution convection can 
be approximated by optically tracking the motion of fµB 
within the microfluidic system.  Second, the concentration 
of NaCl is relatively low (compared, for example, to 
seawater: ~550 mM NaCl), so that a significant fraction of 
Cl- can be oxidized to Cl2 (i.e., a higher percentage of ion 
depletion) before gas bubbles form within the microfluidic 
channel and block solution flow (see Appendix C for 
details).36,39  Third, the presence of Cl- in solution 
suppresses electrochemical water oxidation, which is 
thermodynamically favored over Cl- oxidation, due to the 
presence of an adsorbed layer of Cl- atop the Pt anode.206,207  
Therefore, in the presence of 50.0 mM NaCl, we conclude that 
the contribution of water oxidation to the total current 
passed at the Pt anode is negligible (see Appendix C). 
We previously reported that ECP measurements can be 
used to determine the EFG in and near an IDZ.39  A 
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combination of experimental and computational findings 
validated this methodology.40,142–144  Accordingly, we used 
this approach to characterize the ECP of the solution within 
the microfluidic channel upon conversion of Cl- to Cl2 at 
the anode. 
Figure 5.1b is a micrograph of the system used to map 
the ECP profile near the anode.  It consists of an array of 
Pt microbands patterned across the floor of a microfluidic 
channel.  The central microband is the anode and the 
narrower microbands flanking the anode are the microbands 
used to measure the ECP profile.  The spatial resolution of 
this measurement is determined by the center-to-center 
spacing between neighboring microbands, which in this case 
is 30 µm. 
The ECP profile measurements were performed as follows.  
A solution containing 50.0 mM NaCl and 13 fM fµB was 
introduced to the microfluidic channel, and the heights of 
solution in the two reservoirs were adjusted so that the 
volumetric flow rate from left to right within the channel 
was 83 ± 7 nL/min.  The flow rate was measured by tracking 
the speed of fµB.  Following initiation of PDF, a scanning 
digital multimeter, operated in voltage mode, was used to 
sequentially measure the ECP difference between neighboring 
pairs of measurement microbands.  Next, a battery pack was 
used to apply 3.0 V between the anode and the cathodes, as 
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shown in Figure 5.1a.  An ammeter connected in series with 
the battery pack was used to monitor the current passed 
between the anode and cathodes.  Finally, the battery pack 
was turned off and the ECP profile measurement ended.  Three 
or more measurements were obtained using three independently 
fabricated microfluidic devices for a minimum of nine 
replicates.  The microfluidic system was then rinsed with DI 
water and this procedure was repeated with a Cl--free 
control solution containing 50.0 mM Na2SO4 and 13 fM fµB. 
Figure 5.1c is a plot of the ECP field measured near 
the anode.  The data are the averaged signal from 20 ECP 
measurements performed at steady state for each experiment, 
and they have been background-subtracted (see Appendix C).  
The black rectangle at the bottom of the plot indicates the 
axial position of the anode.  Axial position 0 corresponds 
to the center of the anode, while negative and positive 
axial positions are upstream and downstream from the anode, 
respectively. 
Application of 3.0 V in the presence of the 50.0 mM 
NaCl solution results in the formation and maintenance of a 
gradient in the ECP field near the anode (Figure 5.1c, red 
line).  The most prominent feature is a sharp peak directly 
upstream of the anode having a magnitude of 8.0 ± 1.8 kV/m.  
Qualitatively, this result is consistent with previous 
measurements we have reported under similar conditions,71 
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but there are two significant differences.  First, the 
magnitude of the measured ECP gradient is eightfold larger 
than previously reported.71  Second, the position of the 
peak is just upstream from the anode rather than being 
directly above it.  These differences are due to slight 
modifications to the experimental configuration in the 
present case.  Note that the magnitude and location of the 
ECP gradient were optimal at a flow rate of ~85 nL/min.  At 
slower flow rates, the peak broadened and drifted upstream 
during the measurement.  At faster flow rates, little or no 
gradient was observed near the anode because rapid 
convection carried away the product of the anodic reaction. 
These ECP profile measurements were repeated using a 
control solution containing 50.0 mM Na2SO4 and 13 fM fµB 
(Figure 5.1c, black).  In the absence of Cl-, application of 
3.0 V results in water oxidation, eq 5.3 (recall that the 
presence of Cl- prevents this reaction), and this results in 
formation of an IEZ rather than an IDZ. 
In summary, ECP profile measurements indicate selective 
formation and maintenance of an EFG near the anode only 
during electrochemical Cl- oxidation. 
5.4.3 Solution conductivity measurements 
The oxidation of charged Cl- to neutral Cl2 should reduce 
the conductivity of the solution in the vicinity of the 
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anode.  To test this hypothesis, we carried out conductivity 
measurements at four different axial positions along the 
channel length.  Figure 5.2a illustrates the microfluidic 
configuration used to characterize solution conductivity 
during electrochemical Cl- oxidation.  The system is 
composed of an array of microbands consisting of a central 
anode and 16 measurement microbands patterned across the 
floor of the channel.  Measurements were performed using the 
four pairs of microbands outlined by dashed lines and 
centered at axial positions -242.5 µm (black), -62.5 µm 
(red), 62.5 µm (blue), and 242.5 µm (green). As previously 
mentioned, position 0 corresponds to the center of the anode 
and negative and positive positions are upstream and 
downstream from the anode, respectively.  Note that the 
axial position of the pair of microbands outlined by the red 
dashed line corresponds to the location of the peak ECP 
gradient shown in Figure 5.1c. 
The solution conductivity measurements were made as 
follows.  First, a solution containing 50.0 mM NaCl and 13 
fM fµB was pipetted into the microchannel reservoirs, and 
then the heights of solution in the reservoirs were adjusted 
until the flow rate was 83 ± 7 nL/min (as confirmed by 
microbead tracking). Second, the conductivity meter was 
connected to the pair of microbands outlined by the black 




(a) Schematic illustration of the microfluidic configuration 
used for solution conductivity measurements.  These 
measurements were obtained at four different axial positions 
using the microband pairs outlined by the dashed lines.  (b) 
Representative plot of solution conductivity at four 
different axial positions as a function of time.  The 
solution contained 50.0 mM NaCl and 13 fM fµB, and the flow 
rate was 83 ± 7 nL/min.  At times 40-100 s, 3.0 V was 
applied between the anode and the cathodes.  At earlier and 
later times, no voltage was applied.  Note that data are 
offset along the y-axis for clarity.  The colors of the 
dashed lines in (a) correspond to the colors of the lines in 
(b).  
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solution conductivity was measured for 40 s.  Fourth, the 
battery pack was used to apply 3.0 V between the anode and 
the cathodes, and the conductivity was measured for an 
additional 60 s.  Finally, the voltage was turned off, and 
the conductivity was measured for 40 s.  These procedures 
were repeated using the measurement microbands outlined by 
the red, blue, and green dashed lines.  Two or three 
replicate measurements were performed at each axial position 
for each of three independently fabricated microfluidic 
devices for a total of seven measurements.  A calibration 
curve was then used to convert the voltage output from the 
conductivity meter to the solution conductivity (Appendix 
C). 
Figure 5.2b is a representative plot of solution 
conductivity as a function of time at axial channel 
positions: -242.5 µm (black), -62.5 µm (red), 62.5 µm 
(blue), and 242.5 µm (green).  The key finding is that the 
application of 3.0 V between the anode and the cathodes 
leads to an increase in solution conductivity at all 
positions, but particularly near the anode and also 
downstream.  The average percentage increases in solution 
conductivity for seven total measurements per microband pair 
were: microbands 1 and 2: 1 ± 3%; microbands 7 and 8: 29 ± 
5%; microbands 9 and 10: 98 ± 27%; and microbands 15 and 16: 
100 ± 10%. 
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The foregoing results were surprising and stand in 
contrast to the findings of the aforementioned ECP profile 
measurements, which we interpreted to imply formation of an 
EFG and IDZ near the anode during electrochemical Cl- 
oxidation (Figure 5.1).  Specifically, if electrogenerated 
Cl2 were stable in solution, a decrease in solution 
conductivity would be expected close to and downstream from 
the anode.  Therefore, the observed increase indicates that 
Cl2 must not be stable in solution.  Indeed, this result is 
consistent with the earlier discussion in the context of eqs 
5.5 and 5.6, and it suggests that Cl2 undergoes a rapid 
following reaction to yield ionic species which, in turn, 
leads to an increase in solution conductivity. 
Further analysis of Figure 5.2b reveals two additional 
trends.  First, the magnitude of the change in solution 
conductivity decreases as a function of distance upstream 
from the anode, but it is nearly constant at axial positions 
downstream from the anode.  This is the expected response 
because the majority of the ionic products flow downstream 
from the anode by convection and only a small fraction 
diffuses upstream.  Second, solution conductivity 
measurements before and after application of 3.0 V are 
nearly identical.  This confirms that an electrochemical 
process (Cl2 generation) initiates formation of ions and 
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that there is no signal drift during the conductivity 
measurements. 
5.4.4 Numerical simulations 
We used finite element simulations to provide additional 
insight into the experimental findings.  The simulations 
were performed at steady state using a two-dimensional (2D) 
model based on the xz-plane of the microelectrochemical 
device illustrated in Figure 5.1a. 
A complete description of the theoretical background 
and numerical methods used for the simulations is provided 
in Appendix C.  Briefly, however, solution convection was 
resolved by the Navier-Stokes equation, and mass transfer 
was determined by the Nernst-Planck equation and the 
electroneutrality condition.  A previous report describes 
the absence of an extended space charge region within the 
microfluidic channel during electrochemical Cl- oxidation 
and validates the imposed electroneutrality condition.73  
The electric field in solution was determined from the 
steady-state current passed at the anode and the solution 
conductivity.  The electrochemical reaction was modeled as a 
flux, and the chemical reaction of Cl2 in solution (eq 5.5) 
was modeled using reaction rate constants.  HOCl 




Simulation results obtained for a solution containing 50.0 
mM NaCl, a flow rate of 83 nL/min, and a current due to Cl- 
oxidation of 2.42 µA. (a) Distribution of Cl2 near the 
anode.  (b) Plot of the simulated concentration of solution 
species and pH near the anode during electrochemical Cl- 
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oxidation.  The data shown correspond to z = 11.50 µm (the 
midpoint of the channel).  (c) Plot of the simulated 
solution conductivity as a function of axial channel 
position for different z heights.  All simulations were 
performed at steady state with a 2D model based on the xz-
plane of the microfluidic system shown in Figure 5.1a.  The 
black rectangle at the bottom of each plot indicates the 
axial position of the anode.  Axial position 0 corresponds 
to the center of the anode, while negative and positive 
axial positions are upstream and downstream from the anode, 
respectively.  Figure 5.3: continued. 
the pH of the resulting solution was more than two pH units 
lower than its pKa. 
Figure 5.3a is a planar plot of the simulated 
distribution of Cl2 near the anode.  It shows a maximum 
concentration of Cl2 (~12 mM) directly above the anode 
(axial positions ±25 µm) and little or no Cl2 elsewhere in 
the channel.  This result confirms that electrochemically 
generated Cl2 does not persist in solution but instead 
rapidly reacts to form other species.  Figure 5.3b shows 
line plots of the concentrations of solution species as a 
function of axial position along the channel length at its 
central z height (z = 11.50 µm).  This plot illustrates that 
nearly all of the electrochemically generated Cl2 undergoes 
rapid hydrolysis to form H+, Cl-, and HOCl.  These results 
confirm that Cl2 is not stable within the microfluidic 
system but rather rapidly hydrolyzes to form ionic species 
that counteract IDZ formation.  The plot also reveals a 
decrease in solution pH near the anode.  Interestingly, this 
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change in pH extends quite far upstream from the anode, 
which must be a consequence of the very high mobility of H+. 
The conductivity of the simulated solution was also 
determined by numerical simulation (see Appendix C for 
details).  This makes it possible to directly compare the 
results of numerical simulations to the experimental 
solution conductivity measurements.  These results are shown 
in Figure 5.3c, which is a line plot of the simulated 
solution conductivity as a function of axial position for z 
heights ranging from z = 0.01 (close to the electrode) to z 
= 22.99 µm (near the top of the channel).  The conductivity 
at the leftmost axial position is 6.4 mS/cm and corresponds 
to that of the bulk 50.0 mM NaCl solution.  Moving left to 
right, the solution conductivity gradually increases as the 
anode is approached.  This is due to the presence of highly 
mobile (and hence conductive) H+ upstream of the anode, as 
shown in Figure 5.3b. 
The conductivity of the solution in the immediate 
vicinity of the anode (axial positions ±25 µm) is more 
complex.  At z heights ≤7.50 µm, a non-monotonic trend in 
solution conductivity is observed.  Specifically, oxidation 
of Cl- to Cl2 at the anode reduces the number of ions in 
solution and decreases solution conductivity near the 
leading edge of the anode (axial position -25 µm). As 
discussed earlier, however, electrogenerated Cl2 is not 
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stable in solution but reacts to yield ions (eq 5.5).  This 
counteracts the slight IDZ formed by the transient presence 
of Cl2 and, ultimately, results in an increase in solution 
conductivity near the trailing edge of the anode (axial 
position 25 µm). 
Compared with the bulk solution conductivity (6.4 
mS/cm), a slight IDZ, corresponding to a ~9% decrease in 
solution conductivity, occurs directly above the anode (z = 
0.01 µm).  However, the IDZ does not extend throughout the 
channel height or beyond the edges of the anode (this is 
shown most clearly in Figure 5.3a).  In addition, the 
magnitude of ion depletion near the anode is significantly 
less than previously reported for EFG separations where, 
compared with the bulk solution, ion concentration decreased 
by more than 90% within the IDZ.40,142 
At axial positions near the anode (±25 µm) and z 
heights >7.50 µm, the solution conductivity is higher than 
that of bulk solution.  This is due to the rapid hydrolysis 
of Cl2 to yield H+ and Cl-, and then diffusion of these 
ionic products toward the top of the channel.  Finally, at 
axial positions downstream from the anode (25 to 250 µm), 
the solution conductivity continues to increase until nearly 
all of the electrogenerated Cl2 is consumed by hydrolysis.  
At axial positions >200 µm, the solution conductivity 




Plot of the simulated (black line) and experimentally 
measured (red points) percentage change in solution 
conductivity near the anode during electrochemical Cl- 
oxidation.  The simulated data correspond to z = 11.50 µm 
(the midpoint of the channel).  The left (black) and right 
(red) vertical axes correspond to the simulated and measured 
data, respectively. 
conductivity of the solution upstream (axial positions -125 
to -25 µm) and downstream (axial positions 50 to 175 µm) 
from the anode is nearly identical at all z heights.  This 
indicates rapid diffusion of solution species throughout the 
height of the microfluidic channel. 
Figure 5.4 is a plot that compares the simulated 
solution conductivity at the central z height (z = 11.50 µm, 
black line) to the previously discussed experimental results 
(red points).  Here, we plotted the percentage change from 
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the bulk solution conductivity as a function of axial 
position along the channel length.  This plot illustrates 
that there is qualitative agreement between the simulated 
and experimental results.  Specifically, a small increase in 
solution conductivity occurs directly upstream from the 
anode during Cl- oxidation, while a larger increase occurs 
downstream from the anode.  This comparison confirms that 
Cl- oxidation followed by rapid Cl2 hydrolysis increases the 
conductivity of solution near the anode. 
Figure 5.4 also reveals an obvious difference between 
the magnitudes of the simulated and measured changes in 
solution conductivity in the vicinity of the anode.  For 
example, at axial position 242.5 µm, the measured change in 
solution conductivity is about threefold larger than the 
simulated result (note that the black and red scales are 
different in Figure 5.4).  This is a consequence of a shift 
in the open circuit potential of the Pt measurement 
microbands during electrochemical Cl- oxidation (see 
Appendix C).  A large shift in the open circuit potential of 
a Pt microband can significantly alter the Pt double-layer 
capacitance and result in a large discrepancy between the 
measured and theoretical solution conductivity.208,209 
Finally, we compared the simulated electric potential 
field to the previously discussed experimental ECP 




(a) Plot of the simulated electric potential field for z = 
0.01 and z = 11.50 µm as a function of axial position along 
the channel length.  The experimentally measured ECP field 
data from Figure 5.1c are overlaid onto the simulations (see 
legend).  (b) Potential profiles used to determine the 
potential fields shown in (a).  (c) Schematic illustration 
of the microfluidic system showing a difference in the 
chemical potential of the solution between microbands 7 and 
8 (dashed red line) during electrochemical Cl- oxidation.  
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the simulated electric potential field as a function of 
axial position for z = 0.01 and 11.50 µm.  These two plots 
are overlaid with the experimental ECP results.  It is 
important to note that the simulated fields describe only 
the electric potential of the solution, while the 
experimental results include both the electric and chemical 
potentials of the solution.  Accordingly, the y-axis is 
simply labeled as the potential field. 
The electric potential field simulated for z = 0.01 µm 
(blue line) reveals a gradient at the edges of the anode 
having a peak amplitude of ~2 kV/m.  However, there is no 
gradient in the electric potential field simulated for z = 
11.50 µm (dashed green line).  These findings are in 
agreement with the simulated solution conductivity near the 
anode for z = 0.01 and 11.50 µm (Figure 5.3c) and confirm 
the absence of a large EFG at distances more than a few 
microns away from the edges of the anode. 
We also plotted the simulated and measured potential 
profiles used to calculate the results shown in Figure 5.5a 
(Figure 5.5b).  Interpretation of Figure 5.5b is 
fundamentally similar to that of Figure 5.5a, but it 
emphasizes the origin of the large ECP gradient measured in 
the presence of 50.0 mM NaCl solution (red line).  As 
previously mentioned, the simulated potential profiles 
describe the electric potential of the solution, while the 
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ECP profiles include both the electric and chemical 
potential of solution.  Therefore, we believe that 
deviations between the experimentally measured ECP profiles 
(red and black lines) and the simulated electric potential 
profiles (blue line and dashed green line) arise from a 
shift in the chemical potential of the solution in the 
vicinity of the anode during electrochemical reaction. 
Specifically, in the presence of the 50.0 mM Na2SO4 
solution, water oxidation at the anode forms a concentration 
gradient of H+ and O2 in solution.  As the ratio of oxidized 
to reduced species in solution varies, the chemical 
potential of solution shifts as predicted by the Nernst 
equation.210  In the presence of 50.0 mM NaCl solution, Cl- 
oxidation forms a concentration gradient and generates new 
chemical species (Cl2, HOCl, etc.) in solution.  In this 
case, more than one redox process can define the chemical 
potential of the solution and a mixed potential develops.210–
212  Open circuit potential measurements confirm the change 
in the chemical potential of solution in the vicinity of the 
anode during electrochemical water or Cl- oxidation (see 
Appendix C for details). 
Figure 5.5c is a schematic of the microfluidic system 
illustrating how electrochemical Cl- oxidation could lead to 
the measurement of the ECP gradient observed in the presence 
of 50.0 mM NaCl (Figure 5.5a, red line).  Electrochemical 
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Cl- oxidation alters the composition (and hence chemical 
potential) of solution in the vicinity of the anode and 
downstream of it.  Therefore, a boundary forms between the 
bulk solution (left side of the plot) and the solution just 
upstream of the anode (dashed red line), which is influenced 
by processes occurring at the anode.  Specifically, the 
solution near microbands 1-7 is nominally identical, and 
therefore there is no chemical potential difference between 
the microbands.  This means that the ECP profile measured 
using microbands 1-7 reflects, principally, the electric 
field in solution (not the chemical potential).  The same 
explanation holds for microbands 8-12.  However, microbands 
7 and 8 interact with solutions containing different 
chemical species, and therefore a mixed potential develops 
between them (dashed red line in Figure 5.5c).  Accordingly, 
the ECP measured between microbands 7 and 8 includes both 
the electric and chemical potential of the solution in this 
region of the microchannel. 
5.5 SUMMARY AND CONCLUSIONS 
We previously reported that electrochemical oxidation of Cl- 
to neutral Cl2 results in an IDZ and EFG that could be used 
for desalination.  These conclusions were founded on our 
interpretation of two experimental results.  First, 
experiments intended to measure the electric potential 
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profile in solution revealed a local potential gradient near 
the anode during Cl- oxidation.  Second, fluorescence 
measurements performed when the salt solution contained a 
charged fluorophore as an ionic tracer revealed a decrease 
in fluorescence intensity in the desalted channel during 
desalination experiments. 
Here, however, we have presented experimental and 
computational results showing that the previously reported 
electrochemical and chemical processes are more complex and 
subtle than we originally realized.  Specifically, there are 
two key findings from this work.  First, once generated, Cl2 
rapidly reacts in water to produce H+, Cl-, and HOCl, and 
this results in formation of an IEZ rather than an IDZ near 
the anode.  Second, the ECP gradient measured during 
electrochemical Cl- oxidation is caused by a shift in the 
chemical potential, rather than the electric potential, of 
the solution in the vicinity of the anode.  It is now 
apparent that the previously reported decrease in 
fluorescence intensity during Cl- oxidation was likely due 
to fluorescence quenching and not to desalination.213 
We conclude that electrochemical Cl- oxidation does not 
form a significant IDZ or EFG in solution that can be used 
for saltwater desalination.  Furthermore, these findings 
demonstrate that undesired (or unknown) electrochemical and 
chemical processes can prevent formation of an IDZ and EFG 
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in other electrochemical systems.  To address this issue, we 
are currently developing a new approach to form an IDZ in 
solution that utilizes ion insertion processes.  We will 
report the results of these experiments in due course.  
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Chapter Six: Conclusions and Outlook 
This dissertation reports recent advancements toward 
continuous chemical separations by faradaic ion 
concentration polarization (fICP) in microelectrochemical 
devices.  In fICP experiments, electrochemical processes 
yield ion depletion zones (IDZs) and associated electric 
field gradients (EFGs) useful for controlling the motion of 
charged objects in solution.  In the studies presented in 
Chapters 3 and 4, fICP results from electrochemical water 
splitting and Tris buffer chemistry.  By tuning the rate of 
solution convection as well as the magnitude, shape, and 
number of EFGs in a single microfluidic channel, we 
demonstrate that fICP enables the complete and continuous 
separation of up to two charged objects having different 
properties.  Accordingly, these studies improve our 
understanding of the processes fundamental to directing the 
flow of charged objects by fICP. 
In an effort to expand fICP to Tris-free solutions, 
such as seawater, we also investigated the formation of IDZs 
by electrochemical oxidation of Cl- to neutral Cl2.  The 
results of this study are presented in Chapter 5.  The key 
finding is that electrochemical Cl- oxidation does not yield 
an IDZ in solution.  Rather, Cl2 rapidly reacts in water to 
form ionic species that produce an ion enrichment zone 
(IEZ).  This finding demonstrates that unintended 
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electrochemical and chemical processes can prevent the 
formation of IDZs and their associated EFGs in 
microelectrochemical devices. 
Based on the findings reported in this dissertation, we 
conclude that fICP is a viable strategy to continuously 
direct the flow of charged objects in microfluidic channels.  
However, it is also apparent that the formation of IDZs by 
the oxidation or reduction of solution species in buffer-
free solutions is limited by undesired (or unknown) 
electrochemical and chemical processes.  Therefore, the 
successful application of fICP to important chemical 
separations relies on developing new electrochemical 
approaches to form IDZs and their associated EFGs in the 
solutions of interest. 
To this end, we recently began to explore the formation 
of IDZs by ion insertion processes at conventional battery 
materials.  Compared to the oxidation or reduction of 
solution species, we think that there are four important 
advantages of using ion insertion processes to form IDZs.  
First, ion insertion is associated with a distinct redox 
potential and lattice geometry, enabling precise control of 
insertion processes and high selectivity for ion insertion.  
Second, ion insertion depends on the redox processes of the 
insertion material and not solution species, and thus 
reduces or eliminates undesired electrochemical and chemical 
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processes.  Third, electrochemically inactive species (K+, 
Na+, Ca2+, etc.) can be targeted to form an IDZ.  Fourth, 
insertion processes yield IDZs, which are useful for EFG-
based separations, but they also lead to energy stored in 
the electrochemical potential of the ion-inserting 
electrodes.  This energy can subsequently be recovered, 
thereby reducing the net energy required for separations.  
For these reasons, our group is actively investigating fICP 
at ion insertion materials.  The results from these 
experiments are not discussed in this dissertation and will 
be reported in due course. 
At this moment, it is too early to predict the impact 
of fICP on the many important chemical separations performed 
daily on an industrial scale.  However, it is increasingly 
evident that the development of energy-efficient techniques 
for chemical separations is essential to a sustainable and 
prosperous future.  Accordingly, herein we present the 
results of three fundamental studies that open up the 
possibility to investigate the energy efficiency of fICP.  
Finally, we believe that the results from these studies 
represent a significant contribution to the growing and 
promising field of electrochemical separations—a field that 





A.1 Conductivity calibration curves for Tris buffer 
 
Figure A.1 
Calibration curves for Tris buffer solutions (pH = 8.1) with 
the Pt conductivity bands in (a) the top channel of a 
bifurcated channel and (b) the bottom channel.  These 
measurements were performed as follows.  Tris buffer of the 
indicated concentrations was placed in the channel 
reservoirs, and then conductivity measurements were 
collected in the top channel (Figure 3.3a).  The channel was 
then rinsed three times with deionized water (DI water), 
filled with the next higher concentration of Tris buffer, 
and another set of conductivity measurements made.  These 
procedures were repeated using the conductivity bands in the 
bottom channel.  
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A.2 Measurements of iBPE and itot during fICP 
 
Figure A.2 
Simultaneous current measurements for (a) iBPE (the current 
passed through the bipolar electrode, BPE) and (b) itot (the 
total current passed through the driving electrodes).  The 
experiment was performed as follows.  First, equal heights 
of solution containing 3.0 pM µB and 10.0 mM Tris buffer (pH 
8.1) were placed in the reservoirs of a straight 
microchannel, resulting in zero pressure-driven flow (PDF).  
Second, iBPE and itot were measured simultaneously.  Third, a 
driving voltage (Etot = 20.0 V) was applied across the 
channel length, resulting in electroosmotic flow (EOF) 
toward the negative driving electrode.  Fourth, two 
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microbands were connected to form a 580 µm-long BPE and 
resulted in faradaic ion concentration polarization (fICP).  
Fifth, the microbands comprising the BPE were disconnected, 
which stopped fICP.  Finally, these procedures were repeated 
with Etot increasing by 5.0 V per run (Etot = 20.0, 25.0, 
30.0, 35.0, 40.0, 45.0, 50.0 V; 0-1050 s).  These procedures 
were repeated with Etot decreasing by 5.0 V per run starting 
at 50.0 V (Etot = 50.0, 45.0, 40.0, 35.0, 30.0, 25.0, 20.0 
V; 1050-2200 s).  iBPE and itot were measured using ammeters 
placed in series with the respective circuits.36  Data from 
a bench-top multimeter (2700 Series, Keithley) were recorded 
using LabVIEW software (National Instruments, Austin, TX) 
and data from a hand-held multimeter (VA 18B) were recorded 
using PC-Link software. 
Buffer neutralization at the BPE cathode results in 
formation of an ion depletion zone (IDZ).  This region of 
increased solution resistance alters the linear electric 
field along the channel length.  At Etot = 35.0-50.0 V, a 
decrease in itot is observed when faradaic processes occur 
at the BPE.  We believe that formation of an IDZ increases 
the total channel resistance, resulting in a non-uniform 
electric field gradient (EFG).  This may lead to a decrease 
in the magnitude of the potential difference between the 
ends of the BPE and solution (∆Eelec) during IDZ formation.  
Figure A.2: continued.  
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A.3 Description for movies 
A.3.1 Movie A.1 
Movie A.1 shows the manipulation of non-fluorescent 
polystyrene microbeads (µB) during fICP using Tris buffer 
(from Tris-HCl) in a straight channel.  Movie A.1 was 
collected as follows.  First, equal heights of solution 
containing 3.0 pM µB and 10.0 mM Tris (pH = 8.1) were added 
to each reservoir resulting in zero PDF.  Second, the video 
begins with solution moving right to left in the channel by 
EOF (Etot = 30.0 V).  Third, the microbands comprising the 
BPE shown in Figure 3.2a were connected and fICP commenced.  
Fourth, the field of view moves downstream of the BPE before 
returning to the original field of view.  Finally, the BPE 
microbands were disconnected, fICP stopped, and the 
microbead flow rate returned to its original value. 
A.3.2 Movie A.2 
Movie A.2 shows the manipulation of fluorescent polystyrene 
microbeads (fµB) during fICP using Tris buffer (from Tris-
HCl) in a bifurcated channel.  Movie A.2 was collected as 
follows.  First, equal heights of solution containing 56 fM 
fµB and 10.0 mM Tris buffer (pH = 8.1) were added to each 
reservoir resulting in zero PDF.  Second, the video begins 
with solution moving right to left in the channel by EOF 
(Etot = 35.0 V).  Third, the microbands comprising the red 
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BPE configuration (Figure 3.3a) were connected and fICP 
commenced.  Fourth, the microbands comprising the BPE were 
disconnected and the microbead flow rate returned to its 
original value.  Fifth, the microbands comprising the green 
BPE configuration (Figure 3.3a) were connected and fICP 
began again. 
A.3.3 Movie A.3 
Movie A.3 shows the motion of µB during fICP using Tris 
buffer derived from Tris-H2SO4 in a bifurcated channel.  
Movie A.3 was collected as follows.  First, equal heights of 
solution containing 3.0 pM µB and 10.0 mM Tris-H2SO4 (pH = 
8.0) were added to each reservoir resulting in zero PDF.  
Second, the video begins with solution moving right to left 
in the channel by EOF with Etot = 35.0 V.  Third, the 
microbands comprising the red BPE configuration (Figure 
3.3a) were connected and fICP commenced.  Fourth, the 
microbands comprising the BPE were disconnected and solution 
flow returned to its original value.  Fifth, the microbands 
comprising the green BPE configuration (Figure 3.3a) were 
connected and fICP began again. 
In previous experiments, we have shown that oxidation 
of Cl- at the BPE anode contributes to formation of the 
IDZ.71,72  To test the importance of Cl- in the present case, 
the buffer obtained from Tris-HCl was replaced with Cl--free 
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Tris-H2SO4.  The results for the two buffers were the same, 
indicating that Cl- does not play an important role in the 
experiments reported here.  
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APPENDIX B 
B.1 Solution conductivity calibration curve 
 
Figure B.1 
Calibration curve used to correlate the measured 
conductivity signal (V) to solution conductivity (mS/cm).  
This is a representative calibration curve that was obtained 
using the conductivity microbands located in the top outlet 
channel (Figure 4.3a).  Similar calibration curves were 
obtained for the conductivity microbands located in the 
middle and bottom outlet channels.  The calibration curves 
were generated as follows.  First, solutions having the 
following conductivities were prepared from conductivity 
standard solutions: 0.05, 0.25, 0.50, 1.25, 2.50, and 3.00 
mS/cm (NaCl conductivity standards, RICCA Chemical Company, 
Arlington, TX).  Second, the solutions were flowed through 
the microfluidic channel by pressure-driven flow (PDF).  
Third, solution conductivity measurements were performed.  
Each data point represents the average of 100 measurements.  
The y error bars are smaller than the data points and thus 
are not apparent.  The calibration curves deviate from 
linearity at high conductivities due to changes in the 
capacitance of the micron-scale Pt microbands.208  
Accordingly, the data were fit with second-order polynomial 
regressions.  The average of the coefficients of 
determination (R2) for the calibration curves is 0.9996 ± 
0.0003 (six replicates).  
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B.2 Electrophoretic mobility measurements 
The electrophoretic mobilities of µP1, µP2, and µP3 were 
quantified by dynamic light scattering as follows.  First, 
microplastic solutions were prepared by 100-fold dilution of 
the microplastic stock solutions in 10.0 mM Tris-HCl (pH 
8.1).  Second, the solutions were placed into a disposable 
folded capillary cell (Malvern Instruments, UK).  Third, the 
cell was inserted into a Zetasizer Nano ZS (Malvern 
Instruments) and the electrophoretic mobility of the 
microplastics was measured.  The reported electrophoretic 
mobility for each microplastic is the average of three 
measurements. 
B.3 Numerical simulations 
Finite element simulations were carried out using the COMSOL 
Multiphysics version 5.4 software package.  Simulations were 
performed using a Dell Precision workstation (Model T7500) 
equipped with two Intel Xeon processors (2.40 GHz) and 108 
GB of RAM.  All simulations were performed at steady state. 
 Simulations were performed using a two-dimensional (2D) 
model based on the xy-plane of the microfluidic system shown 
in Figure 4.2a.  The main channel was 200.0 µm wide and each 
outlet channel was 66.7 µm wide.  The middle and top outlet 
channels were orientated at angles of 30° and 60°, 
respectively, from the bottom outlet channel.  The bipolar 
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electrode (BPE) poles were 50.0 µm wide and located flush 
with the channel sidewalls.  To capture the impact of serial 
faradaic ion concentration polarization (fICP) on the 
distribution of solution species within the channel, we 
modeled 250.0 µm upstream of the leading edge of BPE1 and 
250.0 µm downstream of the trailing edge of BPE2.  The 
length of BPE1 was 750.0 µm, the length of BPE2 was 1000.0 
µm, and the gap between the BPEs was 710.0 µm.  Accordingly, 
the length of the channel modeled was 2960.0 µm (250.0 µm + 
1000.0 µm + 710.0 µm + 750.0 µm + 250.0 µm).  The modeling 
domain is shown in Figure 4.4a. 
 Solution convection within the 2D model was simulated 
using the “Creeping Flow” interface in COMSOL Multiphysics.  
This interface solves the Navier-Stokes equation for 
incompressible flow of a viscous fluid (eqs B.1 and B.2). 
  𝜌(𝑢 ∙  𝛻)𝑢 =  𝛻 ∙ [−𝑝𝐼 +  𝜇(𝛻𝑢 + (𝛻𝑢)𝑇)] + 𝑓𝑣   (B.1) 
  𝜌∇ × 𝑢 = 0        (B.2) 
Here, ρ is the density of the solution, u is the velocity 
vector of the solution, μ is its dynamic viscosity, p is 
pressure, I is the identity matrix, T is temperature, and 𝑓𝑣 
is the volume force vector. 
 The right boundary of the model was taken to be the 
inlet and the left ends of the three secondary channels were 
taken to be the outlets.  The inlet and outlets were modeled 
as pressure boundaries (p = 0) and the channel sidewalls 
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(remaining boundaries) were modeled as an electroosmotic 
velocity formulated according to the Helmholtz-Smoluchowski 
equation and calculated using the simulated local electric 
field.  The zeta potential of the channel sidewalls was 
taken to be -50 mV.35 
 Mass transport within the model was simulated with the 
“Nernst-Planck” interface.  This interface solves the 
Nernst-Planck equation with the electroneutrality condition 
to simulate the flux of species by convection, diffusion, 
and electromigration (eqs B.3-B.7). 
  ∇  ∙  𝐽𝑖 + 𝑢 ∙ ∇𝑐𝑖 =  𝑅𝑖       (B.3) 
  ∇  ∙ 𝑖 = 𝐹 ∑ 𝑧𝑖𝑅𝑖𝑖        (B.4) 
  ∑ 𝑧𝑖𝑐𝑖𝑖 = 0        (B.5) 
  𝐽𝑖 =  −𝐷𝑖∇𝑐𝑖 −  𝑧𝑖𝜇𝑒𝑝,𝑖𝐹𝑐𝑖∇𝜑     (B.6) 
  𝑖 =  𝐹 ∑ 𝑧𝑖(𝑖 − 𝐷𝑖∇𝑐𝑖 −  𝑧𝑖𝜇𝑒𝑝,𝑖𝐹𝑐𝑖∇𝜑)    (B.7) 
Here, Ji is flux, ci is concentration, Ri is the rate of 
reaction, zi is the charge, Di is the diffusion coefficient, 
and μep,i is the electrophoretic mobility, all for species i.  
F is the Faraday.  𝜑 is the electric potential.  The inlet 
was taken to have an inflow of 10.0 mM Tris-HCl buffer at pH 
8.1.  The concentrations of TrisH+, Tris, and Cl- were 
determined from the pKa of Tris buffer at 20 °C (pKa = 8.24, 
calculated using the Debye-Hückel model).214,215  The 
concentrations of H+ and OH- were determined from the pH. 
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 The inlet was taken to have a steady-state current 
density of 573.91 A/m2 (1.32 µA / (11.5 µm ∙ 200.0 µm)) and 
the potential of the outlet boundaries was 0 V.  The poles 
of BPE1 and BPE2 were taken to have current densities of 
266.67 A/m2 (0.60 µA / (45.0 µm ∙ 50.0 µm)) and 328.89 A/m2 
(0.74 µA / (45.0 µm ∙ 50.0 µm)), respectively.  The value of 
the current densities at the cathodic poles of the BPEs was 
negative and the value of the current densities at the 
anodic poles of the BPEs was positive.  The local current 
density across each BPE pole was assumed to be governed by a 
linear dependence on the axial position.40  Specifically, 
the current density was 0 at the interior edge of each pole 
(x = 300, 1200, 2010, and 2660 µm) and had a maxima at the 
exterior edge of each pole (x = 250, 1250, 1960, and 2710 
µm).  Water electrolysis (eqs 4.1 and 4.3) was modeled by 
fluxes at the poles of the BPEs and proceeded with 100% 
faradaic efficiency.35  The production of H2 and O2 by water 
reduction and oxidation, respectively, was not accounted for 
in the model. 
 Following electrochemical water electrolysis, Tris 
buffer chemistry was simulated (eqs 4.2 and 4.4).  TrisH+ 
neutralization (i.e., Tris formation) was simulated using a 
reaction rate equation (eq B.8). 
  𝑅𝑇𝑟𝑖𝑠 =  −(𝑘𝑓,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠) + (𝑘𝑏,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠𝐻+𝑐𝑂𝐻−) +
                                                 (𝑘𝑓,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠𝐻+) − (𝑘𝑏,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠𝑐𝐻+)   (B.8) 
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Here, 𝑅𝑇𝑟𝑖𝑠 is the rate of Tris formation.  The previously 
reported reaction rate constants for Tris buffer 
neutralization were assumed to also describe Tris buffer 
reionization.35  Accordingly, kf,neut and kb,neut are the 
forward and backward reaction rate constants, respectively, 
for both Tris buffer neutralization and reionization.  
Therefore, 𝑅𝑇𝑟𝑖𝑠 =  −𝑅𝑇𝑟𝑖𝑠𝐻+. 
 The effect of Tris buffer chemistry on H+ was simulated 
using a second reaction rate equation (eq B.9). 
  𝑅𝐻+ =  (𝑘𝑓,ℎ𝑦𝑑𝑟𝑜𝑐𝐻2𝑂) − (𝑘𝑏,ℎ𝑦𝑑𝑟𝑜𝑐𝐻+𝑐𝑂𝐻−) +
                                            (𝑘𝑓,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠𝐻+) − (𝑘𝑏,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠𝑐𝐻+)   (B.9) 
Here, 𝑅𝐻+ is the rate of H+ formation and kf,hydro and kb,hydro 
are the forward and backward reaction rate constants, 
respectively, for water self-ionization.35  The 
concentration of water (55.5 M) was taken to be constant 
throughout the modeling domain. 
 The effect of Tris buffer chemistry on OH- was 
simulated using a third reaction rate equation (eq B.10). 
  𝑅𝑂𝐻− =  (𝑘𝑓,ℎ𝑦𝑑𝑟𝑜𝑐𝐻2𝑂) − (𝑘𝑏,ℎ𝑦𝑑𝑟𝑜𝑐𝐻+𝑐𝑂𝐻−) +
                                             (𝑘𝑓,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠) − (𝑘𝑏,𝑛𝑒𝑢𝑡𝑐𝑇𝑟𝑖𝑠𝐻+𝑐𝑂𝐻−)      (B.10) 
Here, 𝑅𝑂𝐻− is the rate of OH- formation. 
 Solution conductivity (κ) was calculated from the 
simulated distribution of solution species using eq B.11. 
  𝜅 =  ∑ 𝑐𝑖𝜇𝑒𝑝,𝑖(𝑧𝑖𝐹)
2
𝑖           (B.11) 
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 A user-controlled mesh was used to solve the 
multiphysics model.  A relaxed mesh (maximum element size = 
6.92 µm, minimum element size = 0.0207 µm) optimized for 
fluid dynamics was used throughout the majority of the 
modeled domain, while a more dense mesh (maximum element 
size = 1.50 µm, minimum element size = 0.0207 µm) was 
employed near the BPE poles to enable accurate modeling of 
water electrolysis and the rapid Tris buffer chemistry.  The 
quality of the mesh was confirmed by a mesh refinement 
study. 
 A parametric sweep of the magnitude of the currents 
passed through the BPEs was used to solve the model.  The 
model was solved iteratively from iBPE1 = iBPE2 = 0 µA to iBPE1 
= 0.60 µA and iBPE2 = 0.74 µA using a current step of 0.01 
µA.  The solution for each iteration was used to define the 
initial conditions for the next iteration. 
 Complete details for the parameters, geometry 
dimensions, and interface settings are available within the 
accompanying COMSOL Multiphysics report (COMSOL Report 1).  
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B.4 Normalized conductivity with BPE1 “on” 
 
Figure B.2 
Steady-state simulation results for a solution containing 
10.0 mM Tris buffer (pH 8.1), and with itot = 1.32 µA and 
iBPE1 = 0.60 µA.  Plot of solution conductivity throughout 
the channel.  Conductivity values are normalized to the 
conductivity of bulk solution.  The range of the color scale 
bar is truncated for emphasis.  The red and blue rectangles 
indicate the position of the poles of BPE1 and BPE2, 
respectively.  
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B.5 Tris concentration with BPE1 and BPE2 “on” 
 
Figure B.3 
Steady-state simulation results for a solution containing 
10.0 mM Tris buffer (pH 8.1), and with itot = 1.32 µA, iBPE1 
= 0.60 µA, and iBPE2 = 0.74 µA.  Distribution of Tris along 
the channel length.  The red and blue rectangles indicate 
the position of the poles of BPE1 and BPE2, respectively.  
The BPE poles in the 2D model are positioned flush with the 
channel sidewalls.  Accordingly, the majority of TrisH+ 
neutralized near the cathodic pole of BPE2 does not diffuse 
beyond y = 67 µm and enter the middle outlet channel.  Thus, 
most Tris formed near the cathodic pole of BPE2 flows 
downstream and enters the bottom outlet channel.  Here, it 
is reionized by H+ generation at the anodic edge of BPE2.  
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B.6 Simulated rate of convection 
The simulated result shown in Figure 4.4d is consistent with 
the following explanation.  Connecting the microbands that 
comprise BPE1 with a jumper wire shunts ~46% of itot through 
BPE1 (iBPE1) and forms an ion depletion zone (IDZ) and ion 
enrichment zone (IEZ) in solution by fICP (shown most 
clearly in Figure 4.3b and Figure 4.4c).  The resulting 
electric field gradient near the leading edge of the 
cathodic pole of BPE1 (x = 2710-2800 µm) increases the local 
rate of convection by electroosmotic flow (EOF) and, because 
the solution is incompressible, creates a pressure gradient 
along the channel length.  This produces a PDF from right to 
left, as shown by the parabolic flow profile at x = 2900 µm. 
Shunting a large percentage of itot through BPE1 
decreases the magnitude of the current passed in solution 
between the poles of BPE1.35,36  Therefore, solution flow in 
this region of the channel (x = 2100-2500 µm) is controlled 
by relatively weak EOF and pressure gradients.  The current 
through BPE1 is converted to ionic current at the anodic 
pole of BPE1.  The presence of an IEZ along the upper 
sidewall downstream of BPE1 (Figure 4.4c) leads to a weak 
electric field in solution and a corresponding slow flow 
rate along the upper sidewall (x = 1500-1960 µm).  
Therefore, the majority of solution continues downstream 
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through a restricted region of the channel width (y = 30-150 
µm) at an elevated flow rate. 
The explanation for the observed rates of convection 
near the cathodic pole of BPE2 (x = 1000-1250 µm) is similar 
to that provided for convection near the cathodic pole of 
BPE1.  However, in this case, the presence of the channel 
trifurcation increases the complexity of flow in this 
region.  Although ~56% of itot passes through BPE2 (iBPE2), 
the majority of the remaining ~44% passes to the negative 
driving electrodes located in the outlet reservoirs through 
the top and middle outlet channels.  Because the magnitude 
of current is inversely proportional to solution resistance, 
the current density, and thus the rate of EOF, at the 
entrances to the top and middle outlet channels is largest 
along the upper sidewalls of each channel (y = 200 µm and 
133 µm, respectively).  However, downstream from the 
entrances to the top and middle outlet channels, the 
conductivities of the solutions (see Figure 4.4c), and thus 
the rates of EOF, are nearly uniform across the channel 
widths. 
The rate of convection in the bottom outlet channel is 
influenced by the presence of BPE2.  Specifically, shunting 
a large portion of itot through BPE2 decreases the magnitude 
of the current passed in solution between the poles of BPE2.  
Therefore, solution flow in this region of the bottom outlet 
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channel (x = 300-1000 µm) is controlled by relatively weak 
EOF and pressure gradients.  However, the return of iBPE2 to 
solution at the anodic end of BPE2 results in an increase in 
the rate of convection downstream (x = 0-250 µm), despite 
the presence of an IEZ in solution.  This is due to the 
elevated current density in this portion of the 
microchannel. 
B.7 Description for Movies 
B.7.1 Movie B.1 
Movie B.1 shows the manipulation of BODIPY2- and µP1 during 
a fICP experiment using Tris buffer in a trifurcated 
channel.  Movie B.1 was collected as follows.  First, equal 
heights of solution containing 1.0 µM BODIPY2-, 1.5 pM µP1, 
and 10.0 mM Tris buffer (pH 8.1) were added to each 
reservoir resulting in zero PDF.  Second, the video begins 
with solution moving right to left in the channel by EOF 
(driving voltage = 25.0 V).  Third, the microbands 
comprising the BPE (Illustration 4.2b) were connected and 
fICP commenced.  Finally, the BPE microbands were 
disconnected, fICP stopped, and the microplastic flow rate 
returned to its original value. 
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B.7.2 Movie B.2 
Movie B.2 shows the manipulation of BODIPY2- and µP1 during 
a serial fICP experiment using Tris buffer in a trifurcated 
channel.  Movie B.2 was collected as follows.  First, equal 
heights of solution containing 1.0 µM BODIPY2-, 1.5 pM µP1, 
and 10.0 mM Tris buffer (pH 8.1) were added to each 
reservoir resulting in zero PDF.  Second, the video begins 
with solution moving right to left in the channel by EOF 
(driving voltage = 25.0 V).  Third, the microbands 
comprising BPE1 (Figure 4.2a) were connected and fICP 
commenced.  Fourth, the field of view moved upstream from 
the channel trifurcation to the anodic pole of BPE1, then to 
the cathodic pole of BPE1, and then back to the channel 
trifurcation.  Fifth, the microbands comprising BPE2 (Figure 
4.2a) were connected and serial fICP commenced.  Finally, 
the microbands comprising the two BPEs were disconnected, 
serial fICP stopped, and the microplastic flow rate returned 
to its original value. 
B.7.3 Movie B.3 
Movie B.3 shows the manipulation of µP2 and µP3 during a 
serial fICP experiment using Tris buffer in a trifurcated 
channel.  Movie B.3 was collected as follows.  First, 
different heights of solution containing 150 fM µP2, 190 pM 
µP3, and 10.0 mM Tris buffer (pH 8.1) were added to the 
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inlet and outlet reservoirs resulting in PDF from right to 
left (32 ± 3 nL/min, seven replicates).  Second, the video 
begins with solution moving right to left in the channel by 
PDF.  Third, the driving voltage (25.0 V) was applied across 
the channel length resulting in EOF from right to left.  
Fourth, the microbands comprising BPE2 (Figure 4.2a) were 
connected and fICP commenced.  Fifth, the microbands 
comprising BPE1 (Figure 4.2a) were connected and serial fICP 
commenced.  Sixth, the field of view moved upstream from the 
channel trifurcation to the cathodic pole of BPE1, then to 
the anodic pole of BPE1, and then back to the channel 
trifurcation.  Finally, the microbands comprising the two 
BPEs were disconnected, serial fICP stopped, and the 
microplastic flow rate returned to its original value.  
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APPENDIX C 
C.1 Solution conductivity calibration curve 
 
Figure C.1 
Calibration curve used to correlate the measured 
conductivity signal (V) to solution conductivity (mS/cm).  
This is a typical calibration curve that was obtained using 
microbands 7 and 8 (Figure 5.2).  Similar calibration curves 
were obtained for each of the three other highlighted pairs 
of microbands shown in Figure 5.2.  The calibration curves 
were generated as follows.  First, solutions having the 
following conductivities were prepared from conductivity 
standard solutions: 0.10, 0.50, 1.0, 2.0, 10.0, and 20.0 
mS/cm (NaCl conductivity standards, RICCA Chemical Company, 
Arlington, TX).  Second, the solutions were flowed through 
the microfluidic channel by pressure-driven flow (PDF).  
Third, solution conductivity measurements were performed. 
Typical coefficients of determination (R2) for the 
calibration curves prepared using microbands 1 and 2, 7 and 
8, 9 and 10, and 15 and 16 on three devices were 0.994 ± 
0.003, 0.996 ± 0.003, 0.997 ± 0.002, and 0.994 ± 0.006, 
respectively.  
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C.2 Percentage of Cl- oxidized at the Pt anode 
The percentage of Cl- oxidized at the Pt anode was 
determined by comparing the charge passed at the anode 
(Qpassed) to the maximum possible charge, which was taken as 
the total charge required to oxidize all of the Cl- flowing 
past the anode (Qpresent).  We assumed that Cl- oxidation 
proceeded at the Pt anode with 100% faradaic efficiency.  A 
duration of 50 s was considered for the calculation of 
Qpassed and Qpresent. 
The amount of charge passed at the Pt anode during Cl- 
oxidation was calculated using eq C.1, where i is current 
and t is time. 
   𝑄𝑝𝑎𝑠𝑠𝑒𝑑 = 𝑖 × 𝑡     (C.1) 
The steady-state current measured during electrochemical 
experiments (Figure 5.1b) was 2.42 ± 0.20 µA (36 
replicates), which yields Qpassed = 1.21 x 10-4 C. 
The value of Qpresent was calculated using eq C.2, where 
n is the number of electrons in the reaction (n = 1 e-/Cl-), 
F is the Faraday (96,485 C/mol), and N is the amount of Cl- 
in moles. 
   𝑄𝑝𝑟𝑒𝑠𝑒𝑛𝑡 = 𝑛 × 𝐹 × 𝑁    (C.2) 
The volume of solution flowing past the anode during a 
50 s period is determined by multiplying the volumetric flow 
rate (83 nL/min or 1.38 x 10-12 m3/s) by 50 s (= 6.9 x 10-11 
m3 or 6.9 x 10-8 L).  Multiplying the volume of solution 
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flowing past the anode during a 50 s period by the 
concentration of the solution (0.050 M) provides the total 
number of moles of Cl- passing the anode (3.45 x 10-9 moles 
of Cl-).  Using eq C.2, Qpresent = 3.33 x 10-4 C.  Hence 
Qpassed/Qpresent = 0.36.  In other words, 36% of the Cl- 
potentially available to the anode is oxidized. 
C.3 Cyclic voltammetry in NaCl solutions 
Cyclic voltammetry was performed in the microelectrochemical 
device to verify the suppression of water oxidation at the 
Pt anode in the presence of a 50.0 mM NaCl solution.  The 
experiment was carried out as follows.  First, a solution 
containing 50.0 mM NaCl was flowed through the 
microelectrochemical device by PDF.  Second, a potentiostat 
(760b, CH Instruments, Inc., Austin, TX) was used to apply a 
voltage between the Pt anode and the Pt cathodes located in 
the reservoirs in a two-electrode configuration (Figure 
5.1a).  The scan rate was 0.10 V/s.  These procedures were 
repeated in the presence of 500.0 mM NaCl solution. 
Figure C.2 shows that the shape of the voltammetric 
wave and the onset potential for electrochemical Cl- 
oxidation are the same for experiments performed in the 
presence of 50.0 or 500.0 mM NaCl.  However, the magnitude 
of the current passed at 1.5 V (vs. Pt) is larger in the 
case of 500.0 mM NaCl solution than 50.0 mM NaCl.  This is 
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the expected result because the solution conductivity and 
concentration of the electrochemically active Cl- species 
are higher for the 500.0 mM NaCl solution.  In addition, 
because the NaCl solutions do not contain supporting 
electrolyte, electromigration contributes to the flux of Cl- 
to the anode and the magnitude of the measured current 
response continues to increase as the applied voltage 
increases.  We conclude from these results that 
electrochemical Cl- oxidation is the primary reaction 
proceeding at the anode in the presence of 50.0 or 500.0 mM 




Cyclic voltammetry performed in the microelectrochemical 
device in the presence of 50.0 mM or 500.0 mM NaCl 
solutions.  The potentiostat was configured as a two-
electrode cell and a voltage was applied between the Pt 
anode and the Pt cathodes as shown in Figure 5.1a.  The scan 
rate was 0.10 V/s.  
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C.4 Electrochemical potential background subtraction 
A small but measurable electrochemical potential (ECP) was 
present between neighboring pairs of microbands (Figure 
5.1b) in the absence of an applied electric field or 
electrochemical reaction at the anode.  This background ECP 
arises from slight differences in the properties of the 
individual microbands.  Accordingly, it was measured and 
then subtracted from the ECP signal measured at steady state 
during application of 3.0 V between the anode and the 
cathodes for each experiment. 
The details of the background correction process were 
as follows.  Prior to application of 3.0 V between the anode 
and the cathodes, 10 background ECP measurements were 
performed for each pair of measurement microbands for 20 s.  
Next, the ECP was measured in the presence of 3.0 V, as 
discussed in Chapter 5.  Finally, the average background ECP 
for each unique pair of measurement electrodes was 
subtracted from the average steady-state signal for the 
corresponding unique pair of measurement microbands with 3.0 
V applied. 
C.5 Numerical simulations 
Finite element simulations were carried out using the COMSOL 
Multiphysics version 5.4 software package.  Simulations were 
performed using a Dell Precision workstation (Model T7500) 
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equipped with two Intel Xeon processors (2.40 GHz) and 24 GB 
of RAM.  All simulations were performed at steady state. 
Simulations were performed using a two-dimensional (2D) 
model based on the xz-plane of the microfluidic system shown 
in Figure 5.1a.  The modeled microfluidic channel was 23.0 
µm high, and the anode was 50.0 µm wide and located along 
the channel floor.  To capture the impact of electrochemical 
Cl- oxidation on the distribution of solution species within 
the channel, we modeled 2475.0 µm upstream from the leading 
edge of the anode and 2475.0 µm downstream from the trailing 
edge of the anode.  Accordingly, the length of the channel 
modeled was 5000.0 µm (2475.0 µm + 50.0 µm + 2475.0 µm). 
The solution convection profile within the 2D model was 
simulated using the “Laminar Flow” interface in COMSOL 
Multiphysics.  This interface solves the Navier-Stokes 
equation for incompressible flow of a viscous fluid (eqs C.3 
and C.4). 
 𝜌(𝑢 ∙  ∇)𝑢 =  ∇ ∙ [−𝑝𝐼 +  𝜇(∇𝑢 + (∇𝑢)𝑇)] + 𝑓𝑣   (C.3) 
 𝜌∇ × 𝑢 = 0        (C.4) 
Here, ρ is the density of the solution, u is the velocity 
vector of the solution, μ is its dynamic viscosity, p is 
pressure, I is the identity matrix, T is temperature, and 𝑓𝑣 
is the volume force vector. 
The left boundary of the model was taken to be the 
laminar inflow with an average solution velocity of 514 
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µm/s.  The right side of the model was a pressure boundary 
(p = 0) and the channel sidewalls (top and bottom 
boundaries) were modeled as no-slip boundaries. 
The contribution of electroosmotic flow (EOF) to 
solution convection was approximated to be <6% of the total 
rate of solution convection and thus EOF was not included in 
the model.40,156 
Mass transport within the model was simulated with the 
“Nernst-Planck” interface.  This interface solves the 
Nernst-Planck equation with the electroneutrality condition 
to simulate the flux of species by convection, diffusion, 
and electromigration (eqs C.5-C.9). 
 ∇  ∙  𝐽𝑖 + 𝑢 ∙ ∇𝑐𝑖 =  𝑅𝑖       (C.5) 
 ∇  ∙ 𝑖 = 𝐹 ∑ 𝑧𝑖𝑅𝑖𝑖        (C.6) 
 ∑ 𝑧𝑖𝑐𝑖𝑖 = 0        (C.7) 
 𝐽𝑖 =  −𝐷𝑖∇𝑐𝑖 −  𝑧𝑖𝜇𝑒𝑝,𝑖𝐹𝑐𝑖∇𝜑     (C.8) 
 𝑖 =  𝐹 ∑ 𝑧𝑖(𝑖 − 𝐷𝑖∇𝑐𝑖 −  𝑧𝑖𝜇𝑒𝑝,𝑖𝐹𝑐𝑖∇𝜑)    (C.9) 
Here, Ji is flux, ci is concentration, Ri is the rate of 
reaction, zi is the charge, Di is the diffusion coefficient, 
and µep,i is the electrophoretic mobility, all for species i.  
F is the Faraday.  φ is the electric potential.  The inlet 
was taken to have an inflow of 50.0 mM NaCl and the anode 
was taken to have a steady-state current of 2.42 µA.  The 
potential of the inlet and outlet boundaries was 0 V.  Cl- 
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oxidation was modeled as a flux and proceeded at the anode 
with 100% faradaic efficiency. 
Following electrochemical Cl2 generation, aqueous Cl2 
chemistry was simulated (eqs 5.5 and 5.6).  Cl2 hydrolysis 
was simulated using a reaction rate equation (eq C.10). 
 𝑅𝐶𝑙2 =  −(𝑘𝑓,𝑐ℎ𝑙𝑜𝑟𝑜𝛼𝑐𝐶𝑙2) + (𝑘𝑏,𝑐ℎ𝑙𝑜𝑟𝑜𝛼𝑐𝐶𝑙−𝛼𝑐𝐻+𝛼𝑐𝐻𝑂𝐶𝑙)     (C.10) 
Here, 𝑅𝐶𝑙2 is the rate of Cl2 hydrolysis, kf,chloro and kb,chloro 
are the forward and backward reaction rate constants,202 
respectively, and 𝛼 is the activity coefficient.  The 
Davies equation was used to calculate the activity 
coefficient for a NaCl solution having an ionic strength of 
0.050 M.  The activity coefficient was considered to be 
constant throughout the 2D model.  Accordingly, 𝑅𝐶𝑙− =  𝑅𝐻+ =
 𝑅𝐻𝑂𝐶𝑙 =  −𝑅𝐶𝑙2. 
Solution conductivity (κ) was calculated from the 
distribution of solution species using eq C.11. 
 𝜅 =  ∑ 𝑐𝑖𝜇𝑒𝑝,𝑖(𝑧𝑖𝐹)
2
𝑖           (C.11) 
A user-controlled mesh was used to solve the 
multiphysics model.  A relaxed mesh (maximum element size = 
1.42, minimum element size = 0.0203) optimized for fluid 
dynamics was used throughout the majority of the modeled 
domain, while a more dense mesh (maximum and minimum element 
size = 0.005) was employed near the anode to enable accurate 
modeling of Cl2 generation and rapid Cl2 hydrolysis.  The 
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quality of the mesh was confirmed by a mesh refinement 
study. 
Finally, a study was performed to determine the 
sensitivity of simulated results to changes in the value of 
key parameters.  Specifically, the model was solved for a 
±10% change in the value of channel height (hchannel), 
channel width (wchannel), flow rate (v), anode length (lanode), 
steady-state current (iss), initial concentration of NaCl 
(cNaCl0), and 𝛼.  Each parameter was varied independently.  
The results for each model were compared with the original 
model described fully in the accompanying COMSOL 
Multiphysics report (COMSOL Report 2).  Numerical solution 
of the concentration of Na+ (cNa), Cl- (cCl), Cl2 (cCl2), 
HOCl (cHOCl), and H+ (cH), the electric potential (φ), and κ 
along the channel length at the central z height (z = 11.50 
µm) were analyzed.  A summary of the results is provided in 
Table C.1.  
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Table C.1  
Percent change in the minimum value of cNa and cCl, and the 
maximum value of cCl2, cHOCl, cH, φ, and κ as a function of 
a ±10% change in the value of hchannel, wchannel, v, lanode, iss, 
𝛼, or cNaCl0.  The results of numerical simulation were 
analyzed along the channel length at the central z height (z 
= 11.50 µm).  Changes in value of >6% are in red.  
 
The key finding from Table C.1 is that a 10% change in 
the value of any single parameter leads to, at most, an ~11% 
change in the value of the simulated result.  We conclude 
from this study that the accuracy of the numerical 
simulation is sufficient to identify trends in the change in 
concentration of solution species and the associated 
electric potential profile and solution conductivity. 
Complete details for the parameters, geometry 
dimensions, and interface settings are available within the 
accompanying COMSOL Multiphysics report (COMSOL Report 2). 
cCl min cNa min cCl2 max cHOCl max cH max φ  max κ  max
-10% h channel -0.3% -1.1% 5.2% 11.1% 8.0% 10.1% 1.8%
+10% h channel 0.1% 0.7% -2.5% -9.1% -6.8% -8.3% -1.5%
-10% w channel -0.7% -1.4% 11.1% 11.1% 8.0% 10.1% 1.8%
+10% w channel 0.6% 1.2% -9.1% -9.1% -6.8% -8.4% -1.5%
-10% v -0.2% -1.4% 4.8% 11.2% 8.1% -1.4% 1.8%
+10% v 0.2% 1.1% -4.5% -9.2% -6.9% 1.1% -1.6%
-10% l anode -0.2% 0.0% 3.7% 0.0% 0.0% -0.4% 0.0%
+10% l anode 0.2% 0.0% -3.6% 0.0% 0.0% 0.4% 0.0%
-10% i ss 0.6% 1.3% -9.9% -9.9% -7.5% -9.2% -1.7%
+10% i ss -0.7% -1.3% 9.9% 9.9% 7.1% 9.1% 1.6%
-10% α -0.5% -0.1% 7.5% -0.1% 0.0% 0.4% 0.0%
+10% α 0.5% 0.1% -6.7% 0.0% 0.0% -0.3% 0.0%
-10% cNaCl0 -10.7% -11.3% 0.0% 0.0% -2.8% 10.1% -8.4%
+10% cNaCl0 10.7% 11.3% 0.0% 0.0% 2.5% -8.4% 8.3%
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C.6 Open circuit potential measurements 
The open circuit potential (OCP) of a Pt microband was 
measured in a macroscale Teflon cell while electrochemical 
reaction proceeded at a second Pt microband located nearby 
(Figure C.3).211,216  OCP measurements were performed as 
follows.  First, a Teflon electrochemical cell containing 
the previously described photo-patterned Pt circuitry 
(Figure 5.1b), was assembled as shown in Figure C.3a.  
Second, the cell was filled with 1.0 mL of 50.0 mM NaCl 
solution.  Third, a potentiostat (650c, CH Instruments, 
Inc., Austin, TX) connected between the Pt microband working 
electrode (WE), a Pt wire counter electrode (CE), and a 
leakless Ag/AgCl reference electrode (RE) was used to 
monitor the OCP of the WE (microband 8, Figure 5.1b).  
Fourth, a battery pack was used to apply 2.0 V between the 
Pt microband anode and a Pt wire cathode.  Current passed 
through the circuit was measured using a hand-held 
multimeter connected in series.  Fifth, triplicate 
measurements were performed.  These procedures were repeated 
in the presence of Cl--free control solution containing 50.0 
mM Na2SO4. 
Figure C.3b is a representative plot of the OCP of the 
microband WE as a function of time in the presence of 50.0 
mM NaCl or Na2SO4 solution.  This plot reveals three 
distinct OCP regimes.   First, prior to application of 2.0 V 
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between the anode and the cathode (0-100 s), the OCP of the 
Pt WE in bulk solution is measured.  Second, application of 
2.0 V (100-200 s) between the anode and the cathode results 
in electrochemical reaction(s) that alters the concentration 
of solution near the WE and shifts the OCP of the WE to more 
positive potentials.  Specifically, application of 2.0 V 
between the anode and the cathode in the presence of 50.0 mM 
NaCl or Na2SO4 results in an OCP shift of +0.716 ± 0.006 V 
or +0.301 ± 0.017 V, respectively.  Third, following 
application of 2.0 V between the anode and the cathode (200-
300 s), the OCP of the WE drifts back toward the initial 
value measured in bulk solution. 
The key finding from Figure C.3b is that 
electrochemical reaction(s) proceeding at the nearby anode 
shifts the OCP of the WE.  An explanation for this result is 
as follows.  In the case of 50.0 mM NaCl solution, Cl- 
oxidation followed by rapid Cl2 hydrolysis results in the 
production of strong oxidizing species (Cl2 and HOCl) and H+ 
near the anode and Pt microband WE (eqs 5.4-5.6).203  These 
reactions change the ratio of oxidized to reduced species 
near the WE and, as predicted by the Nernst equation, shift 
the OCP of the WE.210,217  In addition, a mixed potential 
arising from two or more half-reactions proceeding at the Pt 
WE can develop and further shift the measured OCP.212,218  
Accordingly, the chemical potential of solution near the WE 
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increases and the measured OCP shifts to more positive 
potentials.219 
In the case of 50.0 mM Na2SO4, water oxidation results 
in the production of O2 and H+ near the anode and Pt 
microband WE (eq 5.3).  These reactions change the ratio of 
oxidized to reduced species local to the WE, and again, as 
predicted by the Nernst equation, shift the OCP of the 
WE.210,217  Thus, production of O2 and H+ increases the 
chemical potential of solution near the WE and a moderate 
increase in the OCP of the WE is measured.219  Importantly, 
electrochemical reactions proceeding at the anode shift the 




(a) Schematic illustration of the macroscale cell used to 
perform OCP measurements.  (b) Representative plot of the 
OCP of the WE as a function of time in the presence of 50.0 
mM NaCl or Na2SO4 solution.  A battery pack was used to 
apply 2.0 V between the anode and the cathode from 100-200 
s.  For 50.0 mM NaCl, this results in oxidation of Cl- at 
the anode (eq 5.4).  For 50.0 mM Na2SO4, it results in 
oxidation of water (eq 5.3).  
 164 
Glossary 
2D   Two-dimensional 
BODIPY2-  BODIPY disulfonate fluorophore 
BPE    Bipolar electrode 
BPE1   Bipolar electrode one 
BPE2   Bipolar electrode two 
cCl   Simulated concentration for Cl- 
cCl2   Simulated concentration for Cl2 
CE   Counter electrode 
cH   Simulated concentration for H+ 
cHOCl  Simulated concentration for HOCl 
ci   Concentration for species i 
cNa   Simulated concentration for Na+ 
cNaCl0  Initial concentration for NaCl 
Di   Diffusion coefficient for species i 
DI water  Deionized water 
ECP   Electrochemical potential 
EFG   Electric field gradient 
EOF   Electroosmotic flow 
Etot   Driving voltage 
F   Faraday 
fICP   Faradaic ion concentration polarization 
𝑓𝑣   Volume force vector 
fµB   Fluorescent polystyrene microbead 
hchannel  Channel height 
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i   Current 
I   Identity matrix 
iBPE   Current passed through bipolar electrode 
iBPE1   Current passed through bipolar electrode one 
iBPE2   Current passed through bipolar electrode two 
ICP   Ion concentration polarization 
IDZ   Ion depletion zone 
IEZ   Ion enrichment zone 
iss   Steady-state current 
itot   Current passed through driving electrodes 
Ji   Flux for species i 
kb,chloro  Backward reaction rate for Cl2 hydrolysis 
kb,hydro Backward reaction rate for water self-
ionization 
kb,neut Backward reaction rate for TrisH+ 
neutralization 
kf,chloro  Forward reaction rate for Cl2 hydrolysis 
kf,hydro Forward reaction rate for water self-
ionization 
kf,neut Forward reaction rate for TrisH+ 
neutralization 
lanode  Anode length 
lchannel  Channel length 
lelec   Bipolar electrode length 
n   Number of e- 
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N   Number of moles 
OCP   Open circuit potential 
p   Pressure 
PDF   Pressure-driven flow 
PDMS   Poly(dimethylsiloxane) 
Qpassed  Charge passed at the anode 
Qpresent Total charge present in solution passing by 
the anode 
R2   Coefficient of determination 
RAM   Random-access memory 
𝑅𝐶𝑙−   Rate of reaction for Cl- 
𝑅𝐶𝑙2   Rate of reaction for Cl2 
RE   Reference electrode 
𝑅𝐻+   Rate of reaction for H+ 
𝑅𝐻𝑂𝐶𝑙   Rate of reaction for HOCl 
𝑅𝑖   Rate of reaction for species i 
𝑅𝑂𝐻−   Rate of reaction for OH- 
𝑅𝑇𝑟𝑖𝑠   Rate of reaction for Tris 
𝑅𝑇𝑟𝑖𝑠𝐻+  Rate of reaction for TrisH+ 
t   Time 
T   Temperature 
Tris   Tris(hydroxymethyl)aminomethane 
u   Velocity vector 
v   Flow rate 
wchannel  Channel width 
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WE   Working electrode 
zi   Charge for species i 
𝛼   Activity coefficient 
ΔEelec Potential difference between the bipolar 
electrode ends and solution 
κ   Solution conductivity 
μ   Dynamic viscosity 
µB   Non-fluorescent polystyrene microbead 
µep   Electrophoretic mobility 
µep,i   Electrophoretic mobility for species i 
µP1 Microplastic particle (diameter = 0.99 µm) 
µP2 Microplastic particle (diameter = 1.04 µm) 
µP3 Microplastic particle (diameter = 0.20 µm) 
ρ   Density 
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